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+52 (834) 107 0220

Abstract

In the multi-objective approach to constraint-handling, a constrained problem is transformed into an unconstrained one by defining
additional optimization criteria to account for the problem constraints. In this paper, this approach is explored in the context of the
hydrophobic-polar model, a simplified yet challenging representation of the protein structure prediction problem. Although focused
on such a particular case of study, this research work is intended to contribute to the general understanding of the multi-objective
constraint-handling strategy. First, a detailed analysis was conducted to investigate the extent to which this strategy impacts on
the characteristics of the fitness landscape. As a result, it was found that an important fraction of the infeasibility translates into
neutrality. This neutrality defines potentially shorter paths to move through the landscape, which can also be exploited to escape
from local optima. By studying different mechanisms, the second part of this work highlights the relevance of introducing a proper
search bias when handling constraints by multi-objective optimization. Finally, the suitability of the multi-objective approach was
further evaluated in terms of its ability to effectively guide the search process. This strategy significantly improved the performance
of the considered search algorithms when compared with respect to commonly adopted techniques from the literature.

Keywords: Constraint-handling, evolutionary multi-objective optimization, fitness landscape analysis, search bias, protein
structure prediction, hydrophobic-polar model

1. Introduction

Evolutionary computation methods and other metaheuris-
tic algorithms have been successfully used to solve complex
optimization problems which arise in a diversity of scientific
and engineering applications. Often, however, optimization in-
volves not only to reach the best value for a given objective
function (or set of objective functions), but also to satisfy a cer-
tain set of predefined requirements called constraints. There-
fore, additional mechanisms need to be implemented within
metaheuristic algorithms in order to search effectively through
this kind of constrained solution spaces.

The hydrophobic-polar (HP) model [1, 2] is an abstract for-
mulation of the protein structure prediction (PSP) problem,
where hydrophobicity is assumed to be the main stabilizing
force in the protein folding process. Under this model, PSP
is defined as the problem of finding a self-avoiding embedding
of the protein chain on a given lattice, such that the interaction
among hydrophobic amino acids is maximized. From the com-
putational point of view, the HP model entails a challenging
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problem in combinatorial optimization [3, 4]. One of the main
sources of difficulty in this problem lies in the fact that, using
the existing problem representations, a significant portion of
the solution space encodes infeasible (non-self-avoiding) pro-
tein structures. Hence, it is important to devise effective mech-
anisms for handling the constraints that this problem presents.
Two main research directions have been adopted to cope with
this issue. On the one hand, the search can be confined to the
space of only feasible, self-avoiding protein conformations. On
the other hand, infeasible protein conformations can also be
taken into consideration, which has been achieved in the lit-
erature by implementing a penalty strategy. From the litera-
ture, however, it is not possible to identify a clear consensus
on which of the two directions, i.e., to avoid or to consider in-
feasible conformations, could lead to the development of more
efficient metaheuristics for solving this problem [5–9].

Premised upon the belief that infeasible conformations can
provide valuable information for guiding the search process,
this research work inquires into the use of multi-objective op-
timization as an alternative constraint-handling strategy for the
HP model. Particularly, constraints in the HP model are treated
as a supplementary optimization criterion, leading to an uncon-
strained multi-objective problem.1 Using such an alternative

1The process of restating a single-objective problem as a multi-objective
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formulation of the HP model, infeasible solutions can become
incomparable with respect to feasible ones, having thus better
opportunities for participating throughout the search process.
In contrast to the penalty strategy, which represents one of the
most widely used techniques in the constraint-handling litera-
ture, in essence the multi-objective (MO) method does not re-
quire the fine-tuning of the penalty parameters;2 in the penalty
strategy, finding the right balance between objective function
and penalty values has been regarded to be a difficult optimiza-
tion problem itself [10, 11]. The use of multi-objective opti-
mization for handling constraints is not a novel idea; recent
reviews on this topic can be found in [11, 12]. Nevertheless,
it was not until recently that the preliminary results of this re-
search reported for the first time, to the best of the authors’
knowledge, the application of the MO constraint-handling strat-
egy to the particular HP model of the PSP problem [13].

Building further on this research, the primary aim of this
study is to contribute to the general understanding of the func-
tioning of the MO constraint-handling technique. First, a de-
tailed analysis is conducted in order to investigate the potential
effects of the problem transformation from the perspective of
the fitness landscape. More specifically, it is evaluated how the
use of the MO problem formulation impacts on an important
property of the fitness landscape: neutrality. It has been argued
that the MO approach to constraint-handling could be rather
ineffective if a search bias towards the feasible region is not in-
troduced [14]. Therefore, the second part of this document con-
cerns the study of different mechanisms which can be employed
for providing the MO strategy with such a search bias. The last
part of this research work extends the comparative analysis re-
ported in [13], where the MO approach is evaluated with respect
to commonly adopted techniques from the specialized litera-
ture. While the preliminary results presented in [13] assumed a
fixed biasing scheme for the MO method and focused only on
the performance of a population-based algorithm, the different
biasing mechanisms analyzed in the second part of this study, as
well as both single-solution-based and population-based algo-
rithms, have been included in the present study. Likewise, only
15 test instances for the two-dimensional HP model (based on
the square lattice) were used in [13]. In contrast, the present
study covers also the three-dimensional case (based on the cu-
bic lattice) and a total of 30 test cases have been considered.

The remainder of this document is organized as follows. Sec-
tion 2 provides background concepts and sets the notation used
in this study. Section 3 reviews related work on constraint-
handling methods for the HP model as well as on the topic of
single-objective to multi-objective transformations. The stud-
ied MO constraint-handling approach is described in Section
4. Section 5 presents the analysis with regard to the fitness
landscape transformation. The search bias issue is addressed
in Section 6. The comparative study which focuses on search
performance is covered in Section 7. Finally, Section 8 dis-
cusses the main findings and presents the conclusions of this

one is usually referred to as multi-objectivization; refer to Section 3.2.
2However, the MO strategy may require additional parameters or the com-

bination with other mechanisms for biasing purposes.

study. Appendices at the end of this document contain supple-
mentary information with regard to implementation details of
the considered search algorithms, performance measures, test
instances, the methodology followed for the statistical signifi-
cance analyses, and the utilized experimental platform.

2. Background concepts and notation

2.1. Single-objective and multi-objective optimization
Without loss of generality, a single-objective optimization

problem can be formally stated as follows:

Minimize f (x), (1)
subject to x ∈ XF ,

where x is a solution vector; XF denotes the feasible set, i.e.,
the set of all feasible solution vectors in the search space X,
XF ( X; and f : X → R is the objective function to be opti-
mized. The aim is thus to find the feasible solution(s) yielding
the optimum value for the objective function; that is, to find
x∗ ∈ XF such that f (x∗) = min{ f (x) | x ∈ XF }.

Similarly, a multi-objective optimization problem can be for-
mally defined as follows:

Minimize f(x) = [ f1(x), f2(x), . . . , fk(x)]T , (2)
subject to x ∈ XF ,

where f(x) is the objective vector and fi : X → R is the i-th
objective function, i ∈ {1, 2, . . . , k}. Rather than searching for a
single optimal solution, the task in multi-objective optimization
is to identify a set of trade-offs among the conflicting objec-
tives. More formally, the goal is to find a set of Pareto-optimal
solutions P∗, such that P∗ = {x∗ ∈ XF | @x ∈ XF : x ≺ x∗}. The
symbol “≺” denotes the Pareto-dominance relation [15]:

x ≺ x′ ⇔ ∀i ∈ {1, . . . , k} : fi(x) ≤ fi(x′) ∧ (3)
∃ j ∈ {1, . . . , k} : f j(x) < f j(x′).

If x ≺ x′, then x is said to dominate x′. Otherwise, x′ is said to
be nondominated with respect to x, denoted by x ⊀ x′. The im-
age of P∗ in the objective space is the so-called Pareto-optimal
front, usually also referred to as the trade-off surface.

2.2. Fitness landscapes and neutrality
The notion of a fitness landscape, first introduced by Wright

[16], has been found to be useful in understanding the most
essential characteristics of certain optimization problems, or
problem classes. By analyzing the fitness landscape, it is pos-
sible to gain further insight into problem difficulty as a means
of explaining, or even predicting, the performance of search al-
gorithms. Fitness landscape analysis is expected to provide im-
portant clues for guiding the development of more competitive
search mechanisms, which are able to deal with (or to take ad-
vantage of) the particular characteristics of the given optimiza-
tion task. Some fundamental definitions on this topic, which
are relevant according to the scope of this study, are presented
below. For a more comprehensive literature review on fitness
landscapes analysis the reader can be referred to [17–21].
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A fitness landscape can be generally defined in terms of a
triplet (X,N , ξ). The first element, X, represents the set of all
potential solutions to the problem, i.e., the search space. The
notion of connectedness among solutions in X is introduced by
the so-called neighborhood structure, N : X → 2X, a function
which maps each possible solution x ∈ X to a set of solutions
N(x) ⊆ X. Hence,N(x) is referred to as the neighborhood of x
and each x′ ∈ N(x) is called a neighbor of x. Finally, ξ denotes
the evaluation scheme, consisting of (i) a measure (or set of
measures) to serve as an indicator of the quality of the different
solution candidates; and (ii) a mechanism to impose an ordering
relation given the adopted quality measure(s). As the evaluation
scheme, in single-objective optimization a fitness function (usu-
ally directly related to the objective function of the problem) is
considered and a simple ordering sets the preference relation
among solutions.3 In the multi-objective context, however, a
number of (conflicting) criteria determine the quality of solu-
tions, so that defining an ordering relation is not as straightfor-
ward as in the single-objective case. The partial order induced
by the Pareto-dominance relation is assumed in this study.

The fitness landscape of a problem can be studied in terms of
different properties, being the neutrality property of particular
importance given the purposes of the present study. The stan-
dard definition of neutrality, in the single-objective case, refers
to the degree to which a landscape contains connected areas of
equal fitness [20]. Considering a broader notion to cover also
the multi-objective case, neutrality can be understood as the re-
sult of the incomparability that the adopted evaluation scheme
ξ induces. The term incomparability is used in this study to
indicate the situation where no preferences can be imposed be-
tween a pair of solutions, so that these solutions are consid-
ered equivalent when evaluated under ξ. Two different solu-
tions x1, x2 ∈ X are said to be neutral (incomparable), denoted
by neutral(x1, x2), if either they share the same fitness value
(single-objective case), or they are nondominated, in the Pareto
sense, with respect to each other (multi-objective case).

Having defined neutrality, a series of related basic concepts
can be introduced as follows. The neutral neighborhood of a
solution x ∈ X is given by the subset of all its neutral neigh-
bors: Nn(x) = {x′ ∈ N(x) | neutral(x, x′)}. The total number of
neutral neighbors of x, i.e., the cardinality of Nn(x), is known
as the neutrality degree of x, and the ratio of the neutrality de-
gree to the size of the neighborhood is referred to as the neu-
trality ratio. A neutral fitness landscape is characterized by
a large number of solutions presenting a high degree of neu-
trality. This leads to (potentially large) connected areas of in-
comparable solutions called plateaus, more formally referred to
as neutral networks. Consider the neutrality graph G = (X,En)
where En = {(x1, x2) ∈ X2 | x2 ∈ Nn(x1)}. Each connected com-
ponent of the graph G corresponds to a different neutral net-
work. In other words, a neutral network is a connected sub-
graph G′ = (X′,E′n) of G, X′ ⊆ X and E′n ⊆ En, where (i) there
exists a path connecting any pair of solutions x1, x2 ∈ X

′, and
(ii) there exists no edge (x1, x2) ∈ En \ E

′
n such that x1 ∈ X

′ and

3In this study, a fitness function is assumed to be always maximized (the
goal is to search for the fittest solution candidate).

x2 ∈ X \ X
′. The neutral network of a solution x will be de-

noted as NN(x). Finally, another important concept is that of a
neutral walk. A neutral walk from x1 to xk refers to a sequence
of solutions 〈x1, x2, . . . , xk〉 such that xi+1 ∈ Nn(xi), 1 ≤ i < k.
That is, a neutral walk represents a path on a neutral network.

2.3. The HP model for protein structure prediction

Proteins are fundamental elements of living organisms.
These chain-like molecules are composed from a set of 20
different building blocks called amino acids. The specific se-
quence of amino acids of a protein determines how it folds into
a unique compact conformation responsible for its biological
functioning. Among all the possible conformations that a pro-
tein can adopt, it is believed that the optimal conformation, of-
ten referred to as the native state, corresponds to the one min-
imizing the overall free-energy [22]. Thus, the protein struc-
ture prediction (PSP) problem, can be stated as the problem of
finding the functional, energy-minimizing conformation for a
protein given only its amino acid sequence.

Amino acids can be classified on the basis of their affinity
for water. Hydrophilic or polar amino acids (P) are usually
found at the outer surface of proteins. By interacting with the
aqueous environment, P amino acids contribute to the solubil-
ity of the molecule. In contrast, hydrophobic or nonpolar amino
acids (H) tend to pack on the inside of proteins, where they in-
teract with one another to form a water-insoluble core. This
phenomenon, usually referred to as hydrophobic collapse, is a
major driving force in protein folding, representing the reason-
ing and motivation behind the hydrophobic-polar (HP) model
of the PSP problem studied in this paper [1, 2].

In the HP model, proteins are abstracted as chains of
H- and P-type beads. Protein sequences, which are origi-
nally defined over a 20-letters alphabet, are now of the form
S = 〈a1, a2, . . . , a`〉, where ai ∈ {H, P} denotes the i-th amino
acid and ` is the length of the sequence. A protein confor-
mation is represented in this model as an embedding of the
protein chain on a given lattice. Both the two-dimensional
square and three-dimensional cubic lattices are considered in
this study. For a protein conformation to be considered feasi-
ble (i.e., valid), its corresponding embedding on the lattice is
required to satisfy different properties, as detailed in Section
2.3.2. With the aim of emulating the so-called hydrophobic
collapse, the goal in the HP model is to maximize the interac-
tion among H amino acids in the lattice. Such interactions are
to be referred to as H-H topological contacts. Two H amino
acids ai and a j are said to form a topological contact if they are
nonconsecutive in S but adjacent in the lattice. The objective is
thus to find a feasible protein conformation where the number
of H-H topological contacts, HHtc, is maximized. Adhering to
the notation of the field, an energy function, to be minimized,
is defined as the negative of HHtc.

Let X be the set of all potential protein conformations, i.e.,
the search space, and letXF denote the subset of all the feasible
states (XF ( X). PSP under the HP model can be formally
defined as the problem of finding x∗ ∈ XF such that E(x∗) =

min{E(x) | x ∈ XF }. The energy function E : X → R maps
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Figure 1: Optimal conformation for sequence 2d4 of length ` = 20 on the two-
dimensional square lattice. Black and white beads denote H and P amino acids,
respectively. Amino acids have been numbered from 1 to ` according to their
positions in the protein sequence S . The energy of this conformation is E = −9,
since there are 9 H-H topological contacts, HHtc = 9.

each possible conformation x ∈ X to an energy value:

E(x) =
∑
ai,a j

e(ai, a j), (4)

where

e(ai, a j) =


−1, if ai and a j are both H and

they form a topological contact;

0, otherwise.

As an example, the optimal structure for a protein sequence
of length ` = 20 on the two-dimensional square lattice is pre-
sented in Figure 1. This example corresponds to sequence 2d4,
one of the adopted test cases for the HP model (Appendix A.2).
The prediction of protein structures based on the HP model rep-
resents a hard combinatorial optimization problem which has
been proved to be NP-complete [3, 4]. An extensive literature
exists on the use of metaheuristic approaches to address this
problem, including genetic algorithms [23, 24], memetic and
hybrid algorithms [25–27], tabu search [28], ant colony opti-
mization [29, 30], immune-based algorithms [8, 31], particle
swarm optimization [32, 33], differential evolution [9, 34], es-
timation of distribution algorithms [35, 36], artificial plant op-
timization [37], and firefly-inspired algorithms [38].

2.3.1. Representation of solutions
In this study, an internal coordinates representation based

on relative moves has been considered [39]. That is, a protein
conformation is encoded as a sequence of moves specifying the
lattice position for each amino acid with regard to the preced-
ing one. On the three-dimensional cubic lattice, conformations
are thus defined as sequences in {F, L,R,U,D}`−2, to denote the
forward, left, right, up and down moves from one amino acid
to the next. Only moves {F, L,R} are considered when using
the two-dimensional square lattice. The relative moves encod-
ing implements a local reference system which rotates at each
encoding decision (other than F). An example is provided in
Figure 2. Note that no backward moves are allowed, ensuring
that the encoded conformations will always be one-step self-
avoiding. Finally, note also that only ` − 2 encoding decisions
need to be taken by fixing the position of the first amino acid
and assuming the first move to be forward (F).
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Figure 2: Internal coordinates representation based on relative moves. Encod-
ing scheme (left). Structure encoded as FLFRRLRR (rigth).

2.3.2. Problem constraints
In the HP model, a feasible protein conformation defines an

embedding of the protein chain on the lattice such that two dif-
ferent properties are satisfied: connectivity and self-avoidance.
On the one hand, connectivity requires consecutive amino acids
in the protein sequence to be placed at adjacent positions of the
lattice. On the other hand, self-avoidance implies that the con-
formation has to be free of collisions; i.e., two different amino
acids can not be assigned to the same lattice position. While
connectivity is implicitly satisfied by using an internal coordi-
nates representation, as described in Section 2.3.1, such a rep-
resentation scheme can not ensure the self-avoidance of the en-
coded conformations; refer to the example provided in Figure
3. Therefore, an explicit mechanism is required to be imple-
mented in order to address the self-avoidance constraint.

3. Related work

3.1. Constraint-handling in the HP model

In the literature, two basic directions have been taken to ad-
dress the self-avoidance constraint which relates to the feasi-
bility of protein conformations in the HP model of the PSP
problem. On the one hand, the search can concentrate on the
feasible space; that is, considering only solutions encoding self-
avoiding protein conformations. This is usually accomplished
either (i) by adapting the variation operators to iterate until
new feasible conformations are generated, i.e., infeasible con-
formations are always rejected [6, 31, 40–43]; (ii) by using
specialized operators which are closed on the feasible space,
i.e., always transforming feasible conformations into other fea-
sible conformations [7, 44, 45]; or (iii) by implementing repair-
ing procedures in order to convert from infeasible to feasible
conformations [7, 9, 36, 46]. These three constraint-handling
strategies can be referred to as the rejecting, preserving and re-
pairing strategies, respectively [47]. On the other hand, infeasi-
ble conformations can also be allowed to participate during the
search process. This is commonly achieved by implementing a
penalty strategy, where the energy value of a candidate confor-
mation suffers a decrease according to the number of collisions
(overlaps) in encoded protein structure [5, 8, 39, 48, 49].

It has been argued that the path from one compact feasi-
ble conformation to another, can be significantly shorter if the
search is allowed to proceed through the space of infeasible
conformations [5]. This has been, perhaps, the main motiva-
tion for applying penalty strategies when dealing with the HP
model. An example of this scenario was given by Krasnogor et
al. [5]. Also, the authors provided some guidelines on how to

4



1 2

3

4 5

6

7

89

Figure 3: An infeasible protein conformation encoded (using the relative moves
representation) as FLFRRRFF. A collision was produced when amino acids 3
and 7 were mapped to the same lattice position.

design an appropriate penalty function for this problem. Never-
theless, no experimental results were reported to support these
recommendations. In [6], Duarte-Flores and Smith compared
between the performance of two variants of a genetic algorithm
(GA). The first GA implemented a rejecting strategy, iterating
crossover and mutation until feasible offspring were generated.
The second GA used a penalty function adhering to the guide-
lines provided by Krasnogor et al. [5]. As a result, a better per-
formance was observed from the use of the first variant of the
GA, where infeasible conformations were always discarded.

Using a GA, Cotta compared the use of a penalty function
with respect to two alternative approaches [7]. In the first,
referred to as the feasible-space approach, the crossover and
mutation operators were adapted to produce only feasible off-
spring. In the second alternative, infeasible offspring were ac-
cepted as the output of variation operators, but they were sub-
sequently processed using a repairing procedure. Both the two
alternative approaches were based on a backtracking algorithm.
As reported in [7], better results were obtained in most of the
cases using the penalty method when compared to the feasible-
space approach, but the best overall performance of the imple-
mented GA was obtained by using the repairing procedure.

Almeida et al. [8] explored the influence of allowing infea-
sible conformations on the performance of an immune-based
algorithm (IA). In a first variant of the IA, only feasible confor-
mations were permitted. In a second variant of the IA, infeasi-
ble individuals were accepted during the initialization process
and when new random individuals were required as a conse-
quence of applying the aging operator (infeasible individuals
were penalized). However, in both variants of the IA the hyper-
mutation and hypermacromutation operators were adapted to
produce only feasible conformations; infeasible mutations were
always rejected. The inclusion of infeasible solutions slightly
increased the performance of the IA in most of the cases, while
significantly reducing the computational effort.

Santos and Diéguez [9] evaluated the advantages of incorpo-
rating a repairing strategy into their differential evolution (DE)
algorithm. In an initial DE implementation, all infeasible con-
formations were simply penalized and assigned a fitness value
of 0. In a second DE variant, two different repairing operators
were implemented; the first working on the amino acid coordi-
nates (phenotype space), and the second acting on the confor-
mation encoding (genotype space). These repairing operators,
however, were not based on a backtracking strategy as those
explored by Cotta [7]; whenever the position of the colliding
amino acids could not be repaired, the infeasible conformations

were allowed to remain in the population. The reported results
indicate that the use of the repairing operators improved the
search performance of the proposed DE algorithm.

Summarizing, there is not strong evidence in the literature
(from the authors’ point of view) regarding whether it can be
better to allow or to prevent infeasible protein conformations
from being considered during the search process. Rather, from
the above discussed works, it is possible to note that very dif-
ferent and, to some extent, contradictory results have been re-
ported in this respect. One of the aims of the present study is to
contribute in providing further insight into this matter.

3.2. Single-objective to multi-objective transformations

Restating a single-objective problem in terms of two or more
objective functions, a process known as multi-objectivization
[50], represents a current and promising research direction
which has served as the basis for the development of more com-
petitive search algorithms. Multi-objectivization can be done
either through the decomposition of the original objective func-
tion of the problem [50, 51], or by means of the addition of new
supplementary objectives [52, 53]. In either case, this transfor-
mation can largely facilitate the process of solving the original
problem. A recent review on this topic was reported in [12].

In the former approach, multi-objectivization by decomposi-
tion, the original objective is split into several components, each
treated as an objective function under the new alternative prob-
lem formulation. It has been shown that the only possible effect
of decomposition is the introduction of plateaus in the fitness
landscape [51]. Originally comparable solutions may become
incomparable (nondominated in terms of the Pareto-dominance
relation) with regard to the new multi-objectivized formulation.
Such an effect can be potentially exploited as a means of escap-
ing from local optima [50, 51]. Some of the works reported in
this direction include the following: [50, 51, 54]. Also, multi-
objective approaches which have been proposed for the PSP
problem fall into this category, either those focusing on detailed
(all-atom) energy models [55–62], or those based on the HP
model as explored in the authors’ previous work [63–65].

In the latter approach to multi-objectivization, additional in-
formation is incorporated in the form of one or more supple-
mentary objectives (also often referred to as artificial or helper
objectives). As analyzed in [53], two different effects can be
achieved through this transformation. On the one hand, incom-
parability among solutions can be introduced, such as it occurs
when multi-objectivizing by decomposition. This is due to the
conflict between the original and the new defined optimization
criteria. On the other hand, this transformation may also break
existing plateaus, allowing originally incomparable solutions to
become comparable as a consequence of the new considered
information. In the literature, the addition of objective func-
tions represents the most extensively studied approach to multi-
objectivization. In [12], a distinction is made between multi-
objectivization proposals where supplementary objectives are
problem-dependent and are computed based solely on infor-
mation from the solution under consideration [52, 66–69], and
those where they act as diversity measures [70–75].
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In [12], separate treatment is given to those proposals where
additional objective functions are implemented as a strategy
to deal with constrained problems. In such methods, the
constrained single-objective problem is reformulated as an
unconstrained multi-objective problem [76–79]. A number
of successful applications of the multi-objective approach to
constraint-handling have been reported [11, 12]. This is the
type of transformation this paper studies in the context of the
HP model of the PSP problem (preliminary results were re-
ported in [13]). As discussed more in detail in Section 4,
this constraint-handling strategy exploits the effects of multi-
objectivization in such a way that infeasible solutions can be-
come incomparable with respect to feasible ones, which allows
them to be potentially considered during the search process. An
important contribution of this paper is the analysis of how this
effect changes the fitness landscape and can influence the be-
havior of search algorithms. Though other different constraint-
handling approaches for the HP model have been adopted in
order to accept infeasible solutions during the search process,
e.g., penalty strategies, an advantage of the multi-objective ap-
proach is that it usually involves fewer parameters that need to
be set [11, 12, 14]. Nevertheless, it has been shown that the lack
of a search bias represents a critical issue that can compromise
the effectiveness of this technique [14]. Therefore, part of this
work is devoted to inquire further into this important subject.

4. Handling constraints in the HP model
by multi-objective optimization

It is the authors’ belief that considering infeasible protein
conformations during optimization can boost the performance
of metaheuristics for solving PSP under the HP model (argu-
ments on this respect have also been given in the literature [5]).
Therefore, it is important to devise new constraint-handling
mechanisms, which allow these algorithms to exploit the vast
amount of infeasibility that the HP model involves, as a means
of steering the search process in a more effective manner.

The use of multi-objective optimization is here explored as
an alternative constraint-handling strategy for the HP model
of the PSP problem. The HP model is restated in multi-
objective form by incorporating an additional objective func-
tion which accounts for the problem constraints. In this way,
this originally constrained single-objective optimization prob-
lem is transformed into an unconstrained multi-objective one.
More formally, a two-objective formulation of the problem,
f(x) = [ f1(x), f2(x)]T , is defined as follows (x ∈ X):

f1(x) = E(x), (5)

f2(x) = Collisions(x), (6)

where f1(x) and f2(x) are to be minimized; E(x) is the con-
ventional energy function of the HP model, as defined in Sec-
tion 2.3; and Collisions(x) denotes the total number of colliding
amino acid pairs (ai, a j) such that both ai and a j were mapped
to the same lattice coordinates in the encoded protein structure.

Using the above described multi-objective formulation of the
HP model, all feasible solutions x ∈ XF will feature a value

of f2(x) = 0. Thus, the original characteristics of the feasi-
ble areas of the fitness landscape are preserved. That is, the
Pareto-dominance relation induces the conventional rank or-
dering among feasible solutions based on the original opti-
mization objective ( f1). Moreover, since feasible solutions
present the best possible value in f2, an infeasible solution (with
f2 > 0) will never be preferred over a feasible solution under the
multi-objective formulation. In general, the alternative multi-
objective formulation will lead to the explicit consideration of
trade-offs between the two defined criteria, f1 and f2. An infea-
sible conformation x1 may become incomparable, i.e., nondom-
inated in the Pareto sense, with respect to a feasible conforma-
tion x2. This depends upon how x1 and x2 compare to each other
with regard to the primary objective function f1. Therefore, the
multi-objective approach for handling constraints allows infea-
sible conformations to compete against feasible ones, being po-
tentially accepted and exploited during the search process.

5. Fitness landscape transformation

Whereas infeasible solutions are usually regarded and treated
as inferior, or even as inadmissible solutions during the search
process, such a distinction between feasible and infeasible so-
lutions is not captured when handling constraints by multi-
objective optimization. As discussed in Section 4, the multi-
objective strategy allows infeasible solutions to become incom-
parable, under certain conditions, with respect to feasible ones.
Such an effect of the problem transformation leads to an in-
crease in the neutrality of the fitness landscape. That is, given
a feasible solution x ∈ XF , some of the surrounding infeasi-
ble solutions may become incomparable with regard to x, thus
becoming members of its neutral neighborhood, Nn(x).

In this section, an analysis is conducted with the aim of in-
vestigating the extent to which the multi-objective constraint-
handling strategy impacts on the neutrality of the HP model’s
fitness landscapes. A fitness landscape is defined by a triplet
(X,N , ξ), as described in detail in Section 2.2.4 Two variants
of the evaluation scheme ξ have been considered: the conven-
tional single-objective (SO) formulation of the problem, and
the alternative multi-objective (MO) formulation that handles
constraints. In this way, by analyzing and comparing the land-
scapes induced by the two different evaluation schemes, it will
be possible to assess and to gain further understanding of the
effects that the studied problem transformation involves.

As stated in Section 2.3, the quality of a candidate solution
in the HP model is evaluated in terms of an energy function,
E, defined as the negative of the total number of H-H topolog-
ical contacts that the encoded protein structure presents, HHtc.
Nevertheless, the use of positive rather than negative values, as
well as the adoption of the term fitness (to be maximized) rather
than that of energy (to be minimized), is considered more ap-
propriate for the analysis here reported. Therefore, in the re-

4Both X and N were fixed during the analysis here presented. X is de-
fined by the relative moves encoding described in Section 2.3. N(x) is given
by all possible single-variable perturbations of x. Thus, |N(x)| = 2(` − 2) and
|N(x)| = 4(` − 2) in the two- and three-dimensional lattices, respectively.
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mainder of this section the fitness of a solution x, Fitness(x),
will assume the value of HHtc(x), i.e.,

Fitness(x) = HHtc(x) = −E(x). (7)

It is worthy to mention at this point that the term fitness is used
in this study to refer to the quality of (feasible) solutions under
the conventional, SO evaluation scheme of the HP model.5 In
addition, it is important to briefly introduce the concept of a
fitness class; a solution x ∈ XF will be said to belong to the
fitness class c if it presents a fitness value of Fitness(x) = c.

The analysis presented in this section requires an initial sam-
ple of solutions for each of the considered test instances. These
samples were collected following the methodology described in
Section 5.1. The fitness landscapes are investigated in this study
by evaluating different properties of neutral networks (NNs);
since it is known that neutral fitness landscapes, as those in the
HP model, can be mainly described by their NNs [80]. Section
5.2 details the implemented procedure for sampling the NNs.
Finally, the results of the performed fitness landscape analysis
are discussed in Section 5.3.

5.1. Sampling of initial solutions

The implemented sampling strategy was conceived by taking
into account the following considerations: (i) a total of M dif-
ferent feasible solutions for the given problem instance are to be
generated; (ii) the M generated solutions are to be, if possible,
evenly distributed over the different available fitness classes (all
fitness classes should be well represented in the collected sam-
ple); and finally, (iii) the diversity among solutions belonging
to the same fitness class should be maximized.

Algorithm 1 outlines the adopted sampling strategy. The pro-
cedure starts by initializing the sample set S and by identify-
ing the set of all possible fitness classes for the given prob-
lem instance, FC (lines 1 and 2 in Algorithm 1). Iteratively,
a search algorithm is executed and all solutions that this algo-
rithm reaches during the search process are kept in U (line 4).
Then, the subset Uc of solutions in U belonging to each pos-
sible fitness class c ∈ FC is identified (line 6). Finally, the so-
lution x̂ ∈ Uc that best contributes to increasing the diversity in
S, if any, is included in the sample (lines 7 to 9). This process
continues until completing the required sample.

Any metaheuristic could be implemented as the embedded
search method. An Iterated Local Search (ILS) algorithm [81],
based on the SO problem formulation, was used in this study;
refer to Appendix B.4 for details. Due to its distinctive explo-
ration behavior, the ILS method can potentially reach a different
local optimum at each iteration. Each time the ILS was invoked
during the sampling procedure, this algorithm was allowed to
run for a total of 5 × 105 solution evaluations.

The diversity contribution estimates have been partially
based on the diversification mechanism proposed by Chira [42].
Instead of measuring diversity in genotype (encoding) space,

5Although an alternative multi-objective formulation of the HP model is
implemented as a constraint handling strategy, the goal remains always to solve
the original single-objective problem.

Algorithm 1 Sampling of the initial solution sets.
Require: M
Ensure: S
1: S ← ∅
2: FC ← {Fitness(x) | x ∈ XF }
3: while |S| < M do
4: U ← search algorithm()
5: for all c ∈ FC do
6: Uc ← {x ∈ U | Fitness(x) = c}
7: x̂← arg maxx∈Uc

diversity(x,S)
8: if diversity(x̂,S) > 0 then
9: S ← S ∪ {x̂}

10: end if
11: end for
12: end while

in [42] diversity was computed from the contact fingerprint
of candidate solutions. The contact fingerprint for a solu-
tion is given by the binary vector cf, where each component
c fi ∈ {0, 1} indicates whether a particular pair of amino acids
in the encoded structure defines a topological contact or not.
Vector cf considers as many components as the total number of
amino acid pairs which can potentially form a topological con-
tact.6 The use of the contact fingerprint rather than the encoding
of solutions certainly fosters the development of more effective
diversity promotion mechanisms. This can be explained by the
fact that very different encodings may represent the same pro-
tein structure (after rotation or reflection). Note, however, that
significantly different structures may also present the same cf
vector if they share the same set of topological contacts. This
has motivated the use of a more fine-grained version of this ap-
proach, referred to in this study as the distance fingerprint.

The distance fingerprint for a given solution is defined by the
vector df, each of whose components d fi measures the distance
between the lattice coordinates of a particular pair of amino
acids. The Manhattan distance was employed for this sake. A
total of

(
`
2

)
−2`+3 components describe the distance fingerprint

vector df; i.e., only amino acid pairs (ai, a j) such that | j− i| ≥ 3
require to be considered. Finally, the diversity contribution for a
new candidate x with respect to the already collected sample S,
diversity(x,S), has been computed as the minimum Hamming
distance (Hd) between the distance fingerprint vector of x and
that of any x′ ∈ S with the same fitness value as x. Formally,

diversity(x,S) = min{ Hd(df(x),df(x′))
| x′ ∈ S ∧
Fitness(x) = Fitness(x′) }.

(8)

5.2. Sampling of neutral networks
Neutral networks (NNs) in a neutral fitness landscape can be

considerably large, so that their exhaustive exploration becomes
computationally prohibitive even for relatively small problem
instances. In the literature, NNs are usually sampled through

6In order for an amino acid pair (ai, a j) to form a topological contact, i and
j need to be of opposite parity and | j − i| ≥ 3.
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Algorithm 2 pNN() - partial computation of neutral networks.
Require: x, depthLevel, maxDepth
Ensure: NN(x)
1: NN(x)← (V,E) : V = {x}, E = ∅

2: if depthLevel < maxDepth then
3: for all x′ ∈ Nn(x) do
4: NN(x′)← pNN(x′, depthLevel + 1,maxDepth)
5: NN(x)← NN(x)

⋃
NN(x′)

6: E ← E ∪ {(x, x′)}
7: end for
8: end if

neutral walks [18, 80, 82]. In this study, however, an alternative
approach has been taken, as described below.

Given a sample set S of M different solution candidates, the
neutral network NN(x) for each x ∈ S has been partially com-
puted based on the pNN() procedure presented in Algorithm 2.
As shown in this algorithm, NN(x) is constructed recursively
in a depth-first manner by allowing this procedure to reach a
maximum defined depth level (maxDepth). The initially given
solution x is assumed to be at depth level 0 (depthLevel = 0).
At each call to the pNN() method, NN(x) is first initialized to
the graph containing no edges and including the provided so-
lution x as the only node (line 1 in Algorithm 2). If the maxi-
mum allowed depth level has not been reached (line 2), the sub-
network NN(x′) for every neutral neighbor x′ of x is obtained
from a subsequent execution of pNN() (i.e., by giving x′ as the
new starting point and by increasing the value of depthLevel,
line 4). The resulting sub-network NN(x′) is then merged with
the parent network NN(x) by means of a graph union operation,
here denoted as

⋃
(line 5).7 Finally, edge (x, x′) is included in

NN(x) in order to establish the linkage between NN(x) and the
NN(x′) sub-network. Note that this strategy requires a mech-
anism to prevent cycling (revisiting solutions and computing
their NN repeatedly and indefinitely).8 Partially computing the
NN for a given solution x is equivalent to traversing all possible
neutral walks departing from x, by restricting the length of the
walks to the maximum defined depth level (maxDepth).

5.3. Fitness landscape analysis
This section presents the results of the conducted fitness

landscape analysis. Due to the high computational costs in-
volved, and given also the space requirements for reporting re-
sults, this analysis has focused on two (relatively) small prob-
lem instances: the 2d4 and 3d1 test sequences for the two- and
three-dimensional lattices, respectively (see Appendix A.2).9

It is expected, however, that similar results can be obtained by

7Given G1 = (V1,E1) and G2 = (V2,E2), the graph union operation
G1

⋃
G2 produces G3 = (V3,E3) such thatV3 = V1 ∪V2 and E3 = E1 ∪ E2.

8In the implemented mechanism, the encoding of a given solution is treated
either as a base-3 or as a base-5 number (two- and three-dimensional cases,
respectively), which is then converted to a base-10 number and inserted into a
self-balancing binary search tree. This enables efficient searches and reduces
memory consumption compared to storing the complete solution encoding.

9Even for these relatively small test cases the search space (using the relative
moves encoding) is vast: 318 for 2d4, and 518 for 3d1.

Table 1: Sample sets generated for instances 2d4 and 3d1 (instance 2d4 involves
10 different fitness classes, and 3d1 involves 12).

Fitness class

Seq. 0 1 2 3 4 5 6 7 8 9 10 11 Total

2d4 119 119 119 119 119 118 118 119 48 2 - - 1000
3d1 84 83 83 84 83 84 83 83 83 84 83 83 1000

replicating this analysis to other instances. As indicated before,
the performed analysis relies on initial solution samples. These
samples were generated through the methodology detailed in
Section 5.1. The size of the samples was fixed to M = 1000 for
both the 2d4 and 3d1 instances. Details of the obtained sample
sets are provided in Table 1. By following the adopted sam-
pling methodology, it is (ideally) expected to generate sample
sets such that about M/|F C| different solutions represent each
possible fitness class c ∈ FC. As shown in Table 1, this was the
case of the sample set constructed for instance 3d1, where a to-
tal of 83 or 84 different solutions were produced for each of the
|F C| = 12 available fitness classes. Note, however, that because
of the funnel-like energy landscape which characterizes the HP
model [83], not all fitness classes for some of the instances can
be equally sampled. Only a reduced number of solutions with a
high fitness value (fitness classes 8 and 9) were obtained when
sampling the search space of instance 2d4. Therefore, a greater
number of representatives for the remaining fitness classes were
accepted in order to complete the M required solutions.

The neutral network (NN) of all the generated solutions
has been explored by using both, the SO and MO evaluation
schemes, as the bases for neutrality verification. In this way,
changing the problem formulation from SO to MO was re-
flected as an alteration in the properties of the sampled NNs.
The NNs were partially computed as described in Section 5.2,
and the maximum allowed depth level in this procedure was set
to maxDepth = 5 (for both the 2d4 and 3d1 instances) in or-
der to alleviate the computational burden.10 In the remainder of
this section, the NN for a given solution x will be either referred
to as NNS O(x) or NNMO(x), depending on whether it has been
computed based on the SO or MO evaluation schemes. It is im-
portant to note that under the SO evaluation scheme all infea-
sible solutions are assumed to be inferior to any feasible one,
so that NNS O(x) comprises only feasible states. In contrast,
NNMO(x) may also involve infeasible nodes; this is because us-
ing the MO formulation an infeasible solution may become part
of the neutral neighborhood, and therefore of the NN, for a fea-
sible solution, as discussed in the preamble of Section 5.

5.3.1. Average neutrality and infeasibility ratios
In this section, the average neutrality ratio (ANR) is ex-

plored as a first step in analyzing the degree to which neutrality
is affected by the studied problem transformation. The ANR
is given by the arithmetic mean of the neutrality ratios, as de-
fined previously in Section 2.2, for all the solutions in a NN

10In spite of the use of a low value of maxDepth = 5, the resulting NNs were
considerably large, as it will be analyzed in Section 5.3.2.
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Figure 4: Average neutrality (ANR) and infeasibility (AIR) ratio, 2d4.
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Figure 5: Average neutrality (ANR) and infeasibility (AIR) ratio, 3d1.

[19, 84]. This measure assumes values in the range [0, 1], where
ANR = 1 indicates the highest neutrality. The ANR measure
was computed for all the sampled NNS O and NNMO networks,
so that it will be possible to contrast the neutrality that the two
different evaluation schemes (SO and MO) produce. In addi-
tion, the average infeasibility ratio (AIR) is investigated for the
SO problem formulation. AIR is defined analogously to ANR,
but calculated from the number of infeasible (rather than neu-
tral) neighbors of solutions in the NN.11 The results for the 2d4
and 3d1 instances are presented in Figures 4 and 5, where the
mean ANR and AIR values appear organized (in the x-axis)
according to the fitness class of the solution provided as the
starting point for the NN sampling.

From the ANR and AIR values obtained through the use of
the SO formulation (“ANR SO” and “AIR SO” curves in the
plots), it is possible to highlight some general tendencies with
regard to the neutrality and infeasibility of the HP model’s fit-
ness landscapes. On the one hand, the poorer the quality of a
solution, the greater tends to be the number of neutral mutations
that the solution can produce. This is suggested by the high
ANR values scored for the lowest fitness classes, which rapidly
decreased with the increase in fitness. On the other hand, in-
feasibility becomes more abundant as superior fitness classes
are considered. Solutions at the best fitness classes are usually
surrounded by infeasible neighbors; as the obtained AIR values
indicate, between 40% and 50% of the neighborhood for solu-
tions at the best fitness classes is composed of infeasible states.

11It is worthwhile to remember that the MO evaluation scheme does not dis-
tinguish between feasible and infeasible solutions. Hence, the AIR measure
applies only to the SO formulation of the problem.
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Figure 6: Size of the sampled neutral networks (NS). 2d4 test instance.
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Figure 7: Size of the sampled neutral networks (NS). 3d1 test instance.

The above observations can be explained by the fact that fitness,
given in terms of the number of H-H topological contacts, is
directly related to the compactness of the encoded protein con-
formations. The higher the fitness value, the more compact the
protein tends to be. Hence, it is reasonable to conjecture that
most perturbations to the encoding of a compact conformation
could lead either to an infeasible solution, or to a less folded
structure which worsens the fitness. Finally, the use of the MO
formulation of the problem reports an important increase in the
ANR measure, with respect to the SO formulation, for all fit-
ness classes of the two considered test instances. By introduc-
ing incomparability between feasible and infeasible solutions, a
substantial fraction of the infeasibility has been translated into
landscape neutrality due to the problem transformation.

5.3.2. Size of the neutral networks
This section investigates how the change in the problem for-

mulation has impacted on the size (number of solutions) of the
NNs. Figures 6 and 7 report the size of each computed NNS O

and NNMO network, as well as the arithmetic mean for the dif-
ferent fitness classes. Notice that results in these figures are
presented in a logarithmic (base-10) scale. These figures ex-
pose the high neutrality that characterizes the HP model’s fit-
ness landscapes. Even though the sampling of NNs was re-
stricted in this study by defining a maximum allowed depth
level (maxDepth = 5), using the SO formulation the NNs at fit-
ness class 0 are composed of about 105 and 106 solutions for
the 2d4 and 3d1 instances, respectively. The high neutrality
which can be found at low fitness classes leads to the forma-
tion of large NNs. On the contrary, solutions at the best fit-
ness classes tend to be more isolated and enclosed by infeasible
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Figure 8: Percentage of infeasible solutions in the NNs sampled using the MO
formulation. Instance 2d4 (left) and instance 3d1 (right).

states, as it was also discussed in Section 5.3.1. The increase
in the neutrality ratios originated from the use of the MO for-
mulation, has led to a significant rise in the size of the sampled
NNs. As it can be seen from the plots, NNs computed based on
the MO formulation can be several orders of magnitude larger
than those computed based on the SO formulation. This behav-
ior becomes more evident as higher fitness classes are consid-
ered. It is important to realize that, given a solution x, NNMO(x)
will always be a supergraph containing all nodes and edges of
NNS O(x), but including also those nodes and edges which result
from the neutrality introduced by the problem transformation.
Thus, NNMO(x) will have at least the same size as NNS O(x).
It is worth mentioning that only slight variations in the size of
NNMO networks can be perceived across the different fitness
classes. Finally, it becomes relevant for this study the question
of to what extent the sampled NNMO networks are composed of
infeasible solutions. Figure 8 addresses this question. Despite
that a feasible solution was given in all the cases as the starting
point for the NNs exploration, the bulk of NNMO networks con-
sists of infeasible states. According to Figure 8, between 70%
and 80% of the nodes, in average, were found to be infeasible
when focusing on the two-dimensional instance (respectively,
between 50% and 70% for the three-dimensional case).

5.3.3. Connectivity between neutral networks
The introduction of neutrality into the fitness landscape leads

to the formation of neutral connections between NNs. A neu-
tral connection between NN1 and NN2 implies that, as a re-
sult of the problem transformation, (at least) a solution x1 from
NN1 became part of the neutral neighborhood of another so-
lution x2 which belongs to NN2. Through such a neutral con-
nection, NN1 and NN2 are merged together into a larger NN
involving all nodes and edges of the original networks (plus the
new edge(s) giving rise to the neutral connection).

In the particular context of the landscape transformation in-
duced by the studied MO constraint-handling strategy, a neutral
connection between two NNs can occur, if and only if, one of
the two networks is feasible and the other infeasible (incompa-
rability can only be introduced between a feasible and an in-
feasible state, see Section 4). Note, however, that two feasible
NNs can be merged through a succession of neutral connec-
tions. More precisely, the linkage between two feasible net-
works NN1 and NNk can be given in the form of a sequence
〈NN1,NN2, . . . ,NNk−1,NNk〉, such that each NNi is neutrally
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Figure 9: Neutral walk, based on the MO formulation, connecting six differ-
ent solutions for instance 2d4. The encoding (based on relative moves) and
objective function values are provided for each of the six solutions.

connected to NNi+1, 1 ≤ i < k, k ≥ 3, and at least NN2 and
NNk−1 are infeasible. In general, a minimum number of m − 1
infeasible NNs need to be traversed in order to connect m feasi-
ble NNs. To support these ideas, an example is provided in Fig-
ure 9. This figure illustrates a series of neutral moves between
neighboring solutions (i.e., a neutral walk), based on the MO
formulation, from a feasible solution x1 with Fitness(x1) = 3,
to another feasible solution x6 with Fitness(x6) = 9 (the global
optimum for instance 2d4).12 In this example, the feasible
NN(x1) and NN(x6) networks have been connected by estab-
lishing intermediate neutral connections to (and between) four
other different NNs; namely, the infeasible networks NN(x2),
NN(x3) and NN(x5), and the feasible network NN(x4). The six
solutions (x1 to x6), and all solutions in their respective NNs,
become members of the same NN under the MO evaluation
scheme. Therefore, the observed increase in the size of the
sampled NNs is not exclusively due to the addition of a signif-

12It is important to remember that both the f1 and f2 objective functions are
to be minimized, and that f1(x) = E(x) = −Fitness(x).
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Figure 10: Neutral connections formed between fitness classes, 2d4.
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Figure 11: Neutral connections formed between fitness classes, 3d1.

icant number of infeasible nodes, as analyzed in Section 5.3.2,
but is also a result of the combination with other feasible NNs.
It should thus be noted that, as in the example, NNs resulting
from the use of the MO formulation may involve solutions at
different fitness classes (in the original problem formulation)
and varying degrees of infeasibility.

To elaborate further on this matter, this section analyzes how
the use of the MO formulation during the performed sampling
produced neutral connections between NNs from distinct fit-
ness classes. Figures 10 and 11 present the obtained results for
instances 2d4 and 3d1, respectively. For each fitness class c,
these figures indicate whether and how many of the NNs com-
puted for solutions at this fitness class formed neutral connec-
tions to NNs at each other possible fitness class c′. Through
these figures it is then possible to gain an insight into the di-
versity of fitness classes that a NN, computed based on the MO
formulation, may involve. It is important to clarify that only
connections to feasible NNs have been accounted for in this
analysis. Diagonals in Figures 10 and 11 are used only as a
reference (i.e., all NNs connect to themselves at their corre-
sponding fitness classes) to illustrate the single-objective case,
so that all other connections not appearing along the diagonal
are due to the landscape transformation. It can be seen from the
figures that neutral connections were created between almost
each possible pair of fitness classes. As the only exceptions, no
connections to fitness class 9 were identified when sampling the
NNs for fitness classes 1 and 2 of instance 2d4, as shown in Fig-
ure 10. More connections appear indicated below (rather than
above) the diagonals in Figures 10 and 11. Indeed, the vast
majority of the sampled NNs for the different fitness classes
formed neutral connections to NNs at all other lower fitness
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Figure 12: Neutral connections generated in relation to the depth levels reached
during the NNs computation. Fitness class 3 of instance 2d4 (left) and fitness
class 11 of instance 3d1 (right). Connections to the respective fitness classes (3
and 11) occurred at depth level 0 (starting point of the NN exploration).

classes, as it can be appreciated from the plots. This highlights
the fact that inferior fitness classes are easier to reach than the
superior ones (because of the funnel-like search landscape of
the studied problem [83]). Despite the use of a considerably
low value for parameter maxDepth during the NN sampling
procedure, namely maxDepth = 5, such a reduced number of
allowed neutral steps was still enough to establish connections
between even the most distant fitness classes. That is, Figure 10
reveals that 1 out of the 119 explored NNs at fitness class 0, the
worst fitness class, reached the optimum solution for instance
2d4 at fitness class 9. Note also that the 2 computed NNs from
fitness class 9 connected to fitness class 0. A similar behavior
can be observed with regard to instance 3d1. Figure 11 shows
that 3 out of the 84 NNs from fitness class 0 merged with NNs at
the best fitness class, i.e., 11, and that a total of 74 connections
between these fitness classes occurred in the opposite direction.
All such connections were achieved after a maximum number
of maxDepth successive neutral moves from the solution given
as the starting point for the NNs computation.

Although neutral connections were established between NNs
at distant fitness classes, as discussed above, it is possible to
see from Figures 10 and 11 that the number of neutral connec-
tions tends to decrease as the distance between fitness classes
increases (higher numbers of neutral connections are shown
close to the diagonal). Therefore, the distance in fitness re-
lates to the likelihood that two NNs can connect. This is par-
ticularly true when the number of allowed intermediate neutral
connections is bounded (as done in this study with the use of
parameter maxDepth). This point can be better illustrated in
Figure 12. Taking as examples the fitness class 3 for instance
2d4 and fitness class 11 for instance 3d1, this figure indicates
how the neutral connections to the different fitness classes arose
as each allowed depth level was reached during the NNs com-
putation.13 As shown in Figure 12, connections to feasible NNs
in a range of fitness classes occurred promptly at depth level 2,
i.e., by traversing a single infeasible state (as mentioned before,
two feasible NNs cannot be directly connected). It is possible to
note, however, that a larger number of intermediate connections
were usually required to reach the most distant fitness classes.

13Similar results to those presented in Figure 12 were obtained for the re-
maining fitness classes of the considered test instances.
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The formation of neutral connections between two feasible
networks NN1 and NN2 can be understood as the definition of
(previously nonexistent) neutral paths bridging the correspond-
ing regions of the feasible space. By allowing movement across
infeasible areas, any solution x1 from NN1 could potentially be
reached through a neutral walk departing at an arbitrary solution
x2 belonging to NN2. On the one hand, this can be particularly
relevant when dealing with problems which present multiple
disconnected feasible regions. On the other hand, even in con-
nected feasible spaces, the length of the shortest path between
two feasible solutions can be significantly greater if this path
considers only feasible intermediate folding states [5]. In the
example provided in Figure 9, the feasible solutions x1 and x6
differ exactly in d = 5 encoding positions. By exhaustive enu-
meration, it was found that all the d! = 120 possible shortest
paths (of length d) connecting x1 and x6 involve infeasible so-
lutions.14 Therefore, the shortest feasible path between this pair
of solutions is necessarily longer (of length greater than d). It is
worth mentioning that 11 out of the 120 shortest paths between
x1 and x6 represent neutral paths under the studied MO problem
formulation (one of them illustrated in Figure 9). In a related
analysis reported in [6], Duarte-Flores and Smith computed all
possible shortest paths from a set of near-optimal solutions to
the global optimum of a particular HP model’s instance on the
triangular lattice. As a result, only about 12% (on average)
of the explored paths were found to be strictly feasible. The
fact that most of the shortest paths between feasible regions tra-
verse infeasible areas emphasizes the advantages of using the
MO constraint-handling strategy. Furthermore, a path within
the boundaries of the feasible space may require the explicit
movement towards inferior fitness classes, especially when con-
necting different basins of attraction.15 The alternative fitness
landscape induced by the MO strategy may potentially define
neutral paths between distinct basins of attraction, which can
be exploited as a means of escaping from local optima.

6. Introducing a search bias

By defining trade-offs between the quality and feasibility of
solution candidates, the multi-objective (MO) approach to han-
dle constraints allows for the exploitation of useful information
from infeasible areas of the fitness landscape. Despite the po-
tential advantages of the MO strategy in terms of the landscape
transformation, as analyzed in Section 5.3, its lack of a proper
search bias may also lead to detrimental effects on the ability of
search algorithms for locating promising regions of the feasible
space. That is, if a bias towards the feasible region is not intro-
duced, a significant fraction of the computational effort can be
invested in evaluating infeasible solutions. Depending on the
particular problem characteristics, an unbiased search based on
the MO method could even fail to reach a feasible solution [14].

14More specifically, 24 out of these 120 shortest paths involve 2 infeasible
solutions, other 48 paths include 3 infeasible solutions, and all the 4 intermedi-
ate points are infeasible for the remaining 48 paths.

15The basin of attraction of a local optimum x, involves the areas of the
landscape which lead (or tend to lead) directly to x.

In this section, the importance of coupling the studied MO
constraint-handling strategy to an effective biasing mechanism
is investigated. Three different biasing methods for the MO
strategy are to be evaluated in terms of how their implementa-
tion impacts on the performance of search algorithms. A basic
single-solution-based evolutionary algorithm (EA), called the
(1+1) EA, and a basic genetic algorithm (GA), a population-
based technique, have been considered.16 Details of these al-
gorithms and the adopted parameter settings are provided in
Appendix B.1 and Appendix B.3. The used HP model’s test
instances, the performance measures and the experimental plat-
form are described in Appendix A. The results obtained during
the analysis of the three different biasing approaches are sepa-
rately presented in Sections 6.1, 6.2 and 6.3.

6.1. Archiving

In evolutionary multi-objective optimization, maintaining a
repository with the current approximation of the Pareto-optimal
set, and thus of the Pareto front, is usually assumed to be a
crucial issue [85, 86]. Hereafter, this kind of nondominated
solutions repository is to be called archive, and the way in
which this archive is constructed, updated and utilized during
the search process will be referred to as the archiving strategy.
This section analyzes the extent to which an archiving strategy
can influence the behavior of the implemented (1+1) EA when
using the MO constraint-handling technique.

Rather than functioning as a source of genetic material, i.e.,
as a population, in the archiving (1+1) EA the archive is used
only with the aim of introducing a bias in the selection pro-
cess. In order to be accepted, a new candidate individual must
represent a competitive trade-off between the two defined opti-
mization objectives. This is determined by comparing it with
respect to the whole Pareto front approximation stored in the
archive. In this way, although (strictly speaking) an explicit
bias towards the feasible region is not being applied, archiving
restricts the movement of the algorithm, allowing it to concen-
trate on promising regions, either feasible or infeasible, of the
fitness landscape. The archiving variant of the (1+1) EA is de-
scribed in detail in Appendix B.2.

Figures 13 and 14 contrast the performance of the basic and
archiving variants of the (1+1) EA, using the MO strategy, for
all two- and three-dimensional test instances. Results are re-
ported in terms of the relative root mean square error, RMSE,
computed over a total of 31 independent executions of each ex-
periment (the RMSE measure is defined in Appendix A.1). In
all the cases, the two algorithms were run for a maximum num-
ber of 106 solution evaluations. As it can be seen from the plots,
the use of the archiving strategy within the (1+1) EA has led to
a significant improvement in the RMSE for all the 30 adopted
test cases (lower RMSE is preferred). It is also possible to ob-
serve that the benefits of archiving tend to become more evident
as the problem size (length of the protein sequence) increases.

16Note that some of the studied biasing methods are only suitable, and thus
are only analyzed here, either for the (1+1) EA or for the GA.
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Figure 13: RMSE obtained by the basic and archiving variants of the (1+1) EA
when using the MO strategy. Two-dimensional instances.
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Figure 14: RMSE obtained by the basic and archiving variants of the (1+1) EA
when using the MO strategy. Three-dimensional instances.

From the above results, archiving was found to be essen-
tial for guiding the search effectively when the MO constraint-
handling strategy is implemented. In the words of Handl et al.
[51]: “this way of using an archive yields a negative efficiency
preserving strategy, i.e., it prevents degradation of solutions.
We say there is degradation if the current solution is replaced
at some later iteration by one that it dominates. Such degrada-
tion prevents convergence and can lead to endless cycling be-
tween solutions that are not mutually incomparable”. Without
archiving, therefore, the (1+1) EA based on the MO strategy
may drift through the search landscape, moving away from or
moving towards the feasible region in a bias-free manner.

Finally, it should be noted that archiving strategies can also
be used in the context of population-based methods (where
archives are usually referred to as secondary populations). The
considered GA, however, relies on an elitist selection scheme
which inherently preserves in the population the current Pareto
front approximation (or at least part of it due to the fixed popu-
lation size). Thus, the biasing effects obtained through archiv-
ing are implicitly incorporated in this algorithm.

6.2. Feasibility rules

One of the simplest, yet effective and widely used constraint-
handling methods, consists in defining a set of rules on which
the discrimination among individuals is to be based. This ap-
proach is commonly referred to as the use of feasibility rules
in the specialized literature [11, 87–90]. The popularity of this
method stems not only from its parameter-free nature, but also
from its ability to be combined with other constraint-handling

mechanisms, as reviewed in [11]. One of the most representa-
tive works on this topic was reported by Deb [91], where it was
proposed a GA implementing a binary tournament selection op-
erator which relies on the following three criteria:

1. If comparing between two feasible solutions, the one with
the best objective function value is to be preferred.

2. If comparing between two infeasible solutions, the one
with the lowest infeasibility degree is to be preferred.

3. If comparing between a feasible and an infeasible solution,
the feasible one is to be preferred.

The first criterion can be generalized to the case where two so-
lutions presenting the same degree of constraint violation are
considered. This more general case involves the comparison
between feasible individuals, as in the original rule, but covers
also the case where two infeasible individuals with the same
infeasibility degree are being compared. Such a later scenario
has not been accounted for in the originally proposed set of
rules [92]. This extended version of the first criterion is implic-
itly satisfied when handling constraints by multi-objective opti-
mization. The multi-objective (MO) approach, however, lacks
the bias towards the feasible region that the second and third
discrimination criteria represent.

This section explores how the use of simple feasibility rules
based on the MO method can help in guiding the search process
effectively in the implemented GA.17 More specifically, in the
studied approach the preference relation between two solutions
x1, x2 ∈ X will depend on the following criteria:

1. If x1 ≺ x2, then solution x1 is to be preferred.
2. If x2 ≺ x1, then solution x2 is to be preferred.
3. Otherwise, i.e., x1 ⊀ x2 and x2 ⊀ x1, the solution with the

lowest degree of constraint violation (lowest f2 value) is to
be preferred.

That is, individuals will be first compared based on the Pareto-
dominance relation. Whenever no preferences can be imposed
by using the Pareto-dominance relation, the degree of infea-
sibility of the solutions will be adopted as a secondary dis-
crimination criterion. The implementation of these rules re-
quired the adaptation of both the selection- f or-variation and
selection- f or-survival processes of the GA. On the one hand,
in selection- f or-variation the binary tournament selection op-
erator was simply equipped with the new defined set of rules.
On the other hand, the selection- f or-survival process is per-
formed by means of nondominated sorting (NDS), as in the
nondominated sorting genetic algorithm, NSGA-II [93]. As
treated more extensively in Appendix B.3, NDS works by
defining layers of nondominated individuals, which are then it-
eratively included (from the best down to the worst layer) until
completing the new GA population. If this iterative selection

17Implementing this approach within the (1+1) EA results in an overpenal-
ization scenario; once a feasible solution is reached, infeasible solutions will
never be considered. Thus, the conducted analysis focuses only on the GA.
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Figure 15: Introducing a search bias in the GA by using feasibility rules. RMSE
obtained for all the two-dimensional test instances.
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Figure 16: Introducing a search bias in the GA by using feasibility rules. RMSE
obtained for all the three-dimensional test instances.

procedure faces a nondominated layer containing more individ-
uals than the number of free slots in the population, the sec-
ondary criterion based on infeasibility degrees is applied in or-
der to choose the remaining survivors.18 Since only the last con-
sidered nondominated layer is discriminated based on such an
infeasibility-based criterion, a significant portion of the infea-
sible individuals could potentially be selected.19 This reduces
the selection pressure and, thus, can contribute in overcoming
premature convergence, a problem usually related to the use of
the feasibility rules approach for handling constraints [11].

The performance of the GA using the MO constraint-
handling strategy was evaluated with and without incorporating
the above described infeasibility-based secondary criterion. In
addition, a third variant of the GA was considered where such a
secondary discrimination criterion is based on the original ob-
jective function, and not on the infeasibility degrees. In this
way, it will be possible to analyze not only the importance of
having a search bias, but also the effects that can be achieved
if this bias favors either one or the other of the two optimiza-
tion objectives defined by the MO strategy. Figures 15 and 16
present the obtained results, in terms of the RMSE measure,
for all two- and three-dimensional test cases.20 In all the ex-
periments, a maximum number of 106 evaluations was used

18NSGA-II uses the so-called crowding distance as the secondary criterion.
19The number of selected feasible individuals will always match the number

of considered nondominated layers. This is because there can be at most one
feasible solution per nondominated set computed based on the MO strategy.

20For each of the instances, the results presented in Figures 15 and 16 cor-
respond to the lowest RMSE values obtained by evaluating a set of different
parameter configurations of the GA, refer to Section 7.2.1 for details.

as the stopping condition and 31 repetitions were performed.
The introduction of a search bias towards the feasible region
allowed the GA to score the best RMSE values in most of the
cases. Although no important differences can be appreciated
for the smallest problem instances, the advantages of introduc-
ing this bias are more clear when focusing on the hardest ones
(rightmost part of the figures). It is interesting to observe from
the plots that, rather than benefiting optimization, biasing the
search according to the original objective has impacted nega-
tively on performance. Realize that in a set of nondominated
solutions, computed based on the MO strategy, there can be
at most one feasible solution; all other solutions within the set
are infeasible and, by definition, strictly better than the feasible
member with regard to the original objective. Therefore, the
discrimination of nondominated individuals based solely on the
original objective will favor those individuals which, despite
showing a prominent behavior for this criterion, represent the
poorest trade-offs in terms of infeasibility. Consequently, the
search process can be guided away from the feasible space.

Finally, it is important to evaluate the studied MO-based set
of feasibility rules with respect to the original set of feasibility
rules reported by Deb [91] (described at the beginning of this
section). Figures 17 and 18 compare the online (throughout the
search) performance scored by the GA when using the two dif-
ferent approaches. Results are given in terms of the overall rel-
ative root mean square error, O-RMSE (see Appendix A.1) and
are presented in steps of 50, 000 solution evaluations. Accord-
ing to Figures 17 and 18, the original Deb’s feasibility rules al-
lowed the GA to achieve lower O-RMSE values during the first
stages of the search process. This is due to the high selection
pressure associated with this method. Despite enabling a faster
convergence, a high selection pressure tends to lead search al-
gorithms to converge prematurely to suboptimal solutions. As
commented before, this has been one the main criticisms with
regard to the use of this constraint-handling strategy [11]. Im-
plementing the MO-based feasibility rules within the frame-
work of the NDS procedure (selection- f or-survival stage) al-
lows infeasible solutions to effectively compete against feasible
ones for a place in the new GA’s population. This prevents the
excessive selection bias and, as observed from the plots, enables
a better convergence at the end of the optimization process.

6.3. Proportional bias
In multi-objective optimization, introducing a bias can be un-

derstood as the articulation of preferences to capture the rel-
ative importance of the different optimization criteria. Con-
sider a two-objective problem, denoted by the objective vector
f(x) = [ f1(x), f2(x)]T . If f2 was determined to be a more impor-
tant objective function than f1, it can be hypothesized that the
addition of noise to f1, a noise which is proportional and di-
rectly dependent on f2, would produce a biasing effect in order
to favor f2 during the search process. That is, the incorporation
of noise into f1 relaxes the selection pressure with regard to
this objective (the real contribution of f1 to guiding the search
is reduced). Moreover, by relating the injected noise with func-
tion f2, the selection pressure with respect to f2 is strengthened,
yielding a bias. From this reasoning, the above multi-objective
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Figure 17: Comparing the feasibility rules based on the multi-objective (MO)
strategy with regard to those originally proposed by Deb [91]. Online perfor-
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Figure 18: Comparing the feasibility rules based on the multi-objective (MO)
strategy with regard to those originally proposed by Deb [91]. Online perfor-
mance (O-RMSE) of the GA when solving the three-dimensional instances.

problem, where f2 is assumed to be the highest priority objec-
tive, can alternatively be stated in terms of the objective vector
f′(x) = [ f ′1(x), f ′2(x)]T , such that

f ′1(x) = f1(x) + ω

(
f2(x)
f max
2

)
( f max

1 − f min
1 ), (9)

f ′2(x) = f2(x), (10)

where f max
1 and f min

1 are respectively the maximum and mini-
mum known values for function f1 (since the beginning of the
search process), and f max

2 is the maximum known value for
function f2.21 In (9), factor ( f max

1 − f min
1 ) represents the max-

imum known difference between f1 values, so that by using this
value it would be possible to alter the preference relation be-

tween any pair of solutions with regard to f1. Factor
(

f2(x)
f max
2

)
allows the incorporated noise to be proportional to the scored
f2 performance; i.e., this factor tends to 1 as worse f2 values
are considered (minimization assumed). Therefore, the better
the solution in objective f2, the lower the perturbation to its f1
objective value. Finally, the bias strength ω is a user defined
parameter introduced with the aim of evaluating the impact of

21Alternatively, f max
1 , f min

1 and f max
2 could be computed from the current

population or Pareto front approximation. These values could even be fixed if
this problem-dependent information is known a priori.

further controlling the magnitude of the applied noise. Using
this strategy, two different solutions which are incomparable
(mutually nondominated) with respect the their original f ob-
jective vectors, could be discriminated (in favor of the best f2
performance) if compared with respect to their alternative ob-
jective vectors f′. This strategy can thus be implemented within
a search algorithm in order to set a search bias.

This section tests the ability of the above described strat-
egy to provide the multi-objective (MO) constraint-handling
approach with an effective bias. The objective function f2 in
the MO problem formulation, which accounts for the degree
of constraint violation, is to be defined as the most important
criterion in order to bias the search towards the feasible re-
gion. It should be emphasized that, under the MO formulation,
the use of the proportional biasing mechanism affects only in-
feasible individuals; i.e., f2(x) = 0 for all feasible individuals
x ∈ XF , so that no noise is added to their f1 values. The analy-
sis here presented focuses on the two implemented algorithms:
the (1+1) EA and the GA. In these algorithms, the alternative
objective vectors f′ of all individuals are to be computed at each
iteration to serve as the basis for driving selection. A set of val-
ues in the range [0, 2] have been explored for the bias strength
parameterω, whereω = 0 indicates that no bias is to be applied.
In all the cases, the algorithms were run for a total of 106 so-
lution evaluations, 31 independent executions were performed,
and results are evaluated in terms of the O-RMSE measure.

The results for the (1+1) EA are shown in Figures 19 and 20.
In addition to the basic (1+1) EA, the evaluation of the propor-
tional biasing mechanism covers also the archiving variant of
the (1+1) EA, as described and analyzed in Section 6.1. Hence,
the archiving (1+1) EA studied in this section integrates two
different biasing methods (i.e., archiving and the proportional
bias). Figures 19 and 20 confirm the need for an effective bias-
ing strategy when the handling of constraints is approached by
multi-objective optimization. Without a bias (ω = 0), the basic
(1+1) EA scored considerably high O-RMSE values for both
the two- and the three-dimensional test instances. Note, how-
ever, that the performance of this algorithm was gradually im-
proved with the increasing value of ω. The best performance
for the basic (1+1) EA was reached at ω = 1.6 for the two-
dimensional instances, and ω = 1.7 for three-dimensional case,
where the O-RMSE measure was decreased by more than 23%
in both cases with respect to the corresponding results at ω = 0.
Due to the implicit bias that the archiving (1+1) EA involves,
the rewards of implementing the proportional biasing strategy
were not as remarkable as those for the basic version of this al-
gorithm. Nevertheless, most of the explored ω values allowed
the archiving (1+1) EA to achieve slight but still appreciable de-
creases in the O-RMSE measure. While the basic (1+1) EA per-
formed the best for high ω values (ω > 1.5), a less strength of
the proportional bias was required when using the self-biasing
archiving (1+1) EA (whose performance deteriorated for the
highest ω values). The archiving (1+1) EA showed its best
performance when using a value of ω = 1.3 (two-dimensional
case), and ω = 0.9 (three-dimensional case).
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Figure 19: Introducing a proportional bias in the MO strategy. O-RMSE ob-
tained by the basic and archiving (1+1) EA for the two-dimensional instances.
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Figure 20: Introducing a proportional bias in the MO strategy. O-RMSE ob-
tained by the basic and archiving (1+1) EA for the three-dimensional instances.

Finally, Figures 21 and 22 present the obtained results with
regard to the implemented GA.22 As it can be seen from the
plots, the incorporation of the proportional biasing mechanism
(by usingω > 0) has led to a noticeable enhancement in the per-
formance of the GA. The behavior of the GA exhibits a clear
tendency to improve with the increase in the bias strength pa-
rameter ω. It is interesting to note, however, that once the best
O-RMSE values were reached at ω = 1.6 and ω = 1.5 (for the
two- and three-dimensional cases, respectively), this tendency
changes and the GA’s performance begins to decline for higher
ω values. From this, and given that the above analyzed (1+1)
EA suffered a performance decrease when using the highest ω
values as well, it is possible to say that the excessive bias could
also be detrimental to the search efficiency. In this particular
context, the increase in ω tends to produce overpenalization.
Therefore, defining the proper amount of search bias could be a
non-trivial, problem-dependent and algorithm-dependent task.

7. Impact on search performance

This section investigates the suitability of the multi-objective
optimization (MO) strategy for handling constraints in the HP
model. To this end, the MO strategy is evaluated and compared
with respect to two different constraint-handling approaches

22For eachω value, the O-RMSE in Figures 21 and 22 corresponds to the best
performance obtained by evaluating a set of different parameter configurations
for the GA; details provided in Section 7.2.1.
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Figure 21: Introducing a proportional bias in the MO constraint-handling strat-
egy. O-RMSE obtained by the GA for the two-dimensional test instances.

21

22

23

24

25

O
−

R
M

S
E

 (
%

)

0
.0

 

0
.1

 

0
.2

 

0
.3

 

0
.4

 

0
.5

 

0
.6

 

0
.7

 

0
.8

 

0
.9

 

1
.0

 

1
.1

 

1
.2

 

1
.3

 

1
.4

 

1
.5

 

1
.6

 

1
.7

 

1
.8

 

1
.9

 

2
.0

 

 3D 

bias strength (ω)

Figure 22: Introducing a proportional bias in the MO constraint-handling strat-
egy. O-RMSE obtained by the GA for the three-dimensional test instances.

usually adopted in the specialized literature, namely, the rejec-
tion of infeasible protein conformations and the application of
penalties. These approaches are to be referred to as the reject
(RJ) and penalty function (PF) strategies and are described in
detail in Appendix C. As discussed in Section 6, introduc-
ing a proper search bias is crucial for the success of the MO
strategy. This issue is further addressed in this section by eval-
uating the different biasing mechanisms studied in Section 6
with respect to each other. The comparative analysis presented
in this section focuses on the impact that the various stud-
ied constraint-handling methods have on the performance of
search algorithms. Two different evolutionary algorithms (EAs)
have been considered, a basic single-solution-based EA and a
population-based EA. The corresponding analyses are covered
in Sections 7.1 and 7.2.

7.1. Analysis for a single-solution-based algorithm

A basic single-solution-based evolutionary algorithm (EA),
the so-called (1+1) EA, has been implemented in order to as-
sess the impact of using the studied constraint-handling meth-
ods. Five different approaches are considered, the reject (RJ)
and penalty function (PF) strategies taken as the baseline, and
three variants of the multi-objective (MO) technique originated
from the use of the biasing mechanisms analyzed in Section 6:
(i) MO+AR, where archiving is used to bias the search process;
(ii) MO+PB, where a proportional bias is introduced; and (iii)
MO+AR+PB, which combines both the archiving and the pro-
portional biasing mechanisms. In the (1+1) EA, the discrimi-
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Figure 23: O-RMSE scored by the (1+1) EA as the search process progressed.
Two-dimensional test instances.

26

28

30

32

34

36

38

40

42

solution evaluations (x10
3
)

O
−

R
M

S
E

 (
%

)

 

 

5
0
 

1
0
0
 

1
5
0
 

2
0
0
 

2
5
0
 

3
0
0
 

3
5
0
 

4
0
0
 

4
5
0
 

5
0
0
 

5
5
0
 

6
0
0
 

6
5
0
 

7
0
0
 

7
5
0
 

8
0
0
 

8
5
0
 

9
0
0
 

9
5
0
 

1
0
0
0
 

 3D 

RJ PF MO+AR MO+PB MO+AR+PB

Figure 24: O-RMSE scored by the (1+1) EA as the search process progressed.
Three-dimensional test instances.

nation among candidate individuals is adapted according to the
constraint-handling method to be used. In this way, the search
behavior, and thus the performance of this algorithm, will be
determined by each of the different studied techniques.

The proportional biasing mechanism, which leads to the
MO+PB and MO+AR+PB strategies, requires the adjustment
of the bias strength parameter, ω. Similarly, the PF method
requires the fine-tuning of the penalty weight, ρ. The analy-
sis here conducted considers the best performing settings for
these parameters, as they were respectively derived in Section
6.3 and Appendix C.2. All implementation details and set-
tings for the (1+1) EA are provided in Appendix B.1. Also,
the archiving variant of the (1+1) EA, on which the MO+AR
and MO+AR+PB approaches rely, is described in Appendix
B.2. Details on the test instances, the performance measures,
the methodology for the statistical significance analysis, and the
utilized experimental platform, are included in Appendix A.

Figures 23 and 24 show the online performance achieved by
the (1+1) EA when using the studied constraint-handling ap-
proaches. Performance is expressed in terms of the overall rela-
tive root mean square error, O-RMSE, computed from 100 inde-
pendent executions of each experiment.23 Results are reported
in steps of 50, 000 solution evaluations until completing the

23Notice that, while previous analyses considering different parameter set-
tings for the compared approaches were based on 31 repetitions of the exper-
iments, detailed analyses using the best performing settings are based on 100
repetitions in order to compare more representative performance samples.

maximum number of 106 evaluations defined as the stopping
condition. From these figures, it is possible to see that the low-
est O-RMSE values, in both the two- and the three-dimensional
test cases, were reached by using MO+AR+PB. Therefore,
the use of archiving together with the introduction of a propor-
tional bias constitutes a more effective biasing strategy when
compared to the separate use of these mechanisms. MO+PB
presented a more accelerated convergence than MO+AR at the
first stages of the search. This can be explained by the fact that,
given that MO+AR does not explicitly bias the search towards
the feasible region (as discussed in Section 6.1), this method
invests more effort in exploring infeasible states. It is worth
noting, however, that such an investment has paid off; the slope
in the corresponding curve is more pronounced, indicating that
MO+AR exhibits a greater tendency to improve. This allowed
MO+AR to score the second best O-RMSE values at the end of
the search process. Finally, PF provided a more competitive be-
havior for the (1+1) EA when compared to the use of RJ, which
obtained the poorest overall performance.

To further compare the studied constraint-handling ap-
proaches, Tables 2 and 3 detail the results for all two- and
three-dimensional test instances at the end of the search pro-
cess (after 106 solution evaluations). The results for each of
the instances are given in terms of the best obtained energy
value (Eb), the number of performed executions where this so-
lution quality was reached (ν), and the arithmetic mean (Ē).
In addition, the O-RMSE measure is provided at the bottom
of the tables. The lowest average energy for each of the in-
stances, as well as the best O-RMSE values, appears shaded .
As it can be seen from the tables, the use of the three multi-
objective strategies improved the average performance of the
algorithm, in the vast majority of the cases, with respect to the
RJ and PF methods. An interesting behavior can be observed
with regard to the MO+AR and MO+PB approaches. While
MO+AR tends to perform better than MO+PB for the shortest
test sequences, MO+PB scored more competitive results for the
largest ones. This suggests that, by not explicitly introducing a
search bias, MO+AR yields a broader exploration. Neverthe-
less, an explicit and more effective bias seems to be required if
the hardness of the problem instances increases. Note, however,
that MO+AR was found when analyzing Figures 23 and 24 to
present a greater tendency to improve as the search process pro-
gresses. The MO+AR strategy could thus be expected to meet
or even exceed the results of MO+PB for the largest test cases
if the algorithm is allowed to run for a higher number of solu-
tion evaluations. The best overall performance was exposed by
the MO+AR+PB method. By combining the advantages of the
two different biasing mechanisms, MO+AR+PB decreased the
O-RMSE measure by 15.43% and 4.28% with respect to RJ and
PF in the two-dimensional instances, respectively, and by 7.4%
and 3.64% in the three-dimensional case.

Finally, Table 4 complements the information provided in
Tables 2 and 3 in order to highlight whether the performance
differences between the studied approaches were statistically
significant or not. Each row in this table compares two strate-
gies, say A and B, which is denoted as “A / B”. If a signifi-
cant performance difference exists between A and B for a par-
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Table 2: Results obtained by the (1+1) EA when using the studied constraint-handling strategies. Two-dimensional test cases.

RJ PF MO+AR MO+PB MO+AR+PB

Seq. ` E∗ Eb (ν) Ē Eb (ν) Ē Eb (ν) Ē Eb (ν) Ē Eb (ν) Ē

2d1 18 -4 -4 (6) -2.62 -4 (54) -3.54 -4 (100) -4.00 -4 (86) -3.86 -4 (100) -4.00
2d2 18 -8 -7 (65) -6.62 -8 (54) -7.54 -8 (84) -7.84 -8 (83) -7.83 -8 (86) -7.86
2d3 18 -9 -8 (50) -7.46 -9 (43) -8.42 -9 (70) -8.70 -9 (18) -8.18 -9 (86) -8.86
2d4 20 -9 -8 (16) -6.67 -9 (64) -8.60 -9 (98) -8.97 -9 (33) -8.29 -9 (95) -8.95
2d5 20 -10 -8 (32) -7.24 -10 (39) -8.99 -10 (86) -9.86 -10 (44) -9.10 -10 (58) -9.55
2d6 24 -9 -9 (1) -7.03 -9 (46) -8.45 -9 (83) -8.83 -9 (33) -8.30 -9 (69) -8.69
2d7 25 -8 -8 (1) -5.68 -8 (15) -7.01 -8 (43) -7.41 -8 (24) -7.19 -8 (50) -7.49
2d8 36 -14 -12 (7) -9.82 -13 (10) -11.28 -14 (1) -11.36 -13 (8) -11.34 -14 (2) -11.58
2d9 48 -23 -19 (2) -14.88 -20 (2) -16.79 -23 (1) -17.69 -20 (2) -17.41 -21 (2) -17.83
2d10 50 -21 -19 (1) -14.78 -21 (1) -16.49 -20 (6) -17.04 -21 (1) -17.46 -21 (2) -17.77
2d11 60 -36 -32 (1) -26.12 -32 (3) -28.20 -34 (1) -27.81 -32 (2) -28.75 -33 (2) -28.81
2d12 64 -42 -31 (1) -24.00 -31 (7) -26.04 -33 (1) -26.25 -32 (3) -28.13 -33 (2) -26.68
2d13 85 -53 -41 (1) -34.50 -44 (1) -37.75 -45 (1) -35.54 -45 (1) -39.03 -46 (1) -38.78
2d14 100 -48 -38 (1) -29.69 -41 (2) -34.55 -41 (1) -32.90 -40 (1) -34.74 -42 (1) -34.78
2d15 100 -50 -40 (1) -31.30 -40 (1) -34.70 -40 (1) -32.60 -41 (2) -35.73 -42 (3) -36.23

O-RMSE 31.08% 19.93% 17.43% 17.95% 15.65%

Table 3: Results obtained by the (1+1) EA when using the studied constraint-handling strategies. Three-dimensional test cases.

RJ PF MO+AR MO+PB MO+AR+PB

Seq. ` E∗ Eb (ν) Ē Eb (ν) Ē Eb (ν) Ē Eb (ν) Ē Eb (ν) Ē

3d1 20 -11 -11 (58) -10.43 -11 (93) -10.92 -11 (100) -11.00 -11 (95) -10.95 -11 (99) -10.99
3d2 24 -13 -13 (13) -11.07 -13 (54) -12.37 -13 (94) -12.94 -13 (43) -12.16 -13 (77) -12.74
3d3 25 -9 -9 (58) -8.42 -9 (97) -8.97 -9 (100) -9.00 -9 (98) -8.98 -9 (100) -9.00
3d4 36 -18 -18 (14) -15.24 -18 (25) -16.08 -18 (46) -16.97 -18 (23) -16.37 -18 (57) -17.27
3d5 46 -35 -28 (2) -24.06 -30 (3) -25.33 -32 (1) -27.30 -30 (1) -25.80 -31 (2) -26.89
3d6 48 -31 -28 (2) -22.70 -29 (1) -24.00 -30 (1) -26.04 -30 (1) -24.71 -29 (7) -25.49
3d7 50 -34 -27 (1) -21.15 -27 (3) -22.19 -30 (1) -24.68 -28 (2) -23.17 -28 (2) -23.87
3d8 58 -44 -33 (3) -26.74 -34 (3) -28.75 -37 (1) -29.76 -34 (7) -29.97 -37 (1) -30.50
3d9 60 -55 -46 (2) -38.30 -47 (3) -40.67 -48 (2) -40.00 -48 (1) -41.13 -49 (2) -42.01
3d10 64 -59 -45 (2) -34.88 -47 (1) -36.44 -48 (1) -38.86 -50 (1) -39.01 -50 (1) -38.78
3d11 67 -56 -38 (3) -30.62 -41 (1) -32.22 -40 (2) -33.30 -41 (1) -33.60 -42 (1) -33.97
3d12 88 -72 -46 (1) -36.44 -49 (1) -37.15 -47 (5) -38.96 -48 (1) -40.15 -51 (1) -40.14
3d13 103 -58 -39 (1) -29.25 -38 (2) -29.67 -39 (1) -29.70 -39 (1) -33.10 -40 (1) -31.01
3d14 124 -75 -45 (2) -33.32 -46 (2) -34.11 -46 (1) -34.29 -52 (1) -39.28 -50 (1) -36.26
3d15 136 -83 -51 (1) -37.66 -51 (1) -37.94 -50 (1) -38.11 -51 (1) -43.41 -51 (2) -40.42

O-RMSE 34.76% 31.00% 27.94% 28.05% 27.36%

Table 4: Statistical analysis for comparing the performance of the (1+1) EA when using the analyzed constraint-handling approaches.

Two-dimensional instances Three-dimensional instances

2d
1

2d
2

2d
3

2d
4

2d
5

2d
6

2d
7

2d
8

2d
9

2d
10

2d
11

2d
12

2d
13

2d
14

2d
15

3d
1

3d
2

3d
3

3d
4

3d
5

3d
6

3d
7

3d
8

3d
9

3d
10

3d
11

3d
12

3d
13

3d
14

3d
15

Overall

PF / RJ + + + + + + + + + + + + + + + + + + + + + + + + + + 26+ 0−
MO+AR / RJ + + + + + + + + + + + + + + + + + + + + + + + + + + + 27+ 0−
MO+PB / RJ + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + 30+ 0−
MO+AR+PB / RJ + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + 30+ 0−
MO+AR / PF + + + + + + + + + − − − + + + + + + + + + + 19+ 3−
MO+PB / PF + + − − − + + + + + + + + + + + + + + + 17+ 3−
MO+AR+PB / PF + + + + + + + + + + + + + + + + + + + + + + + + + + 26+ 0−
MO+PB /MO+AR − − − − − − + + + + + − − − − − − + + + + 9+ 12−
MO+AR+PB /MO+AR + − − + + + + + − + − − + + + + 11+ 5−
MO+AR+PB /MO+PB + + + + + + + − + + + + + − − − 12+ 4−
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ticular instance, the corresponding cell is either marked + or
marked − depending on whether such a difference was in favor
of, or against A. Unmarked cells indicate that there was not a
statistically important difference between A and B. The right-
most column of the table summarizes the results of this anal-
ysis. As shown in Table 4, PF and MO+AR significantly out-
performed RJ in 26 and 27 of the instances. Both MO+PB and
MO+AR+PB achieved a statistically significant performance
increase with regard to RJ for all the 30 adopted test sequences.
The MO+AR, MO+PB and MO+AR+PB strategies scored sig-
nificantly better results than PF in 19, 17 and 26 instances,
respectively. Nevertheless, MO+AR and MO+PB were each
significantly surpassed by PF in 3 of the two-dimensional test
cases. By comparing among the multi-objective strategies, it is
first possible to confirm that MO+PB was statistically superior
to MO+AR in 9 of the largest (hardest) test cases, while signifi-
cantly inferior to MO+AR for 12 of the smallest (easiest) ones.
Finally, the table indicates that MO+AR+PB significantly im-
proved the performance of the algorithm for 11 and 12 of the
instances with respect to MO+AR and MO+PB, but there were
still important differences favoring MO+AR and MO+PB re-
spectively in 5 and 4 of the cases.

7.2. Analysis for a population-based algorithm

As the population-based method, the genetic algorithm (GA)
described in detail in Appendix B.3 has been considered. The
implementation of the different constraint-handling strategies
influences the selection process, which is a major determinant
of the GA’s behavior. Hence, by evaluating the performance of
the GA, it will be possible to inquire into the advantages of us-
ing the studied constraint-handling approaches. Four different
strategies are to be analyzed: the reject (RJ) and penalty func-
tion (PF) methods adopted as reference, and the multi-objective
approaches introducing a search bias by means of feasibility
rules (MO+FR) and proportional biasing (MO+PB).

The four studied constraint-handling strategies are first eval-
uated in Section 7.2.1 under different parameter settings for the
GA. The purpose of such an initial evaluation is to identify the
most appropriate GA conditions for each of the approaches, to
be adopted during the more detailed comparative analysis pre-
sented later in Section 7.2.2. The reader is referred to Appendix
A for details on the considered test cases, performance mea-
sures, the methodology followed during the statistical signifi-
cance analysis, and the experimental platform.

7.2.1. Settings for the genetic algorithm
In this section, the RJ, PF, MO+FR and MO+PB strategies

are evaluated under different conditions of the implemented
GA. Three recombination and mutation probabilities were con-
sidered: pc ∈ {0.8, 0.9, 1.0}, pm ∈ {

1
`−2 ,

2
`−2 ,

3
`−2 }. Thus, a total

of 9 configurations of the GA are investigated. The popula-
tion size was fixed to N = 100 in all the cases. The GA was
allowed to run for a maximum number of 106 solution evalua-
tions and a total of 31 repetitions for each experiment were per-
formed. Figures 25 and 26 plot the O-RMSE measure scored
by the four studied constraint-handling approaches when using
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Figure 25: Evaluating different GA settings. Two-dimensional case.
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Figure 26: Evaluating different GA settings. Three-dimensional case.

the different GA settings. The PF and MO+PB strategies re-
quire the tuning of the penalty weight (ρ) and the bias strength
(ω) parameters, respectively. For each evaluated configuration
of the GA, the results of PF and MO+PB reported in Figures
25 and 26 correspond to the best O-RMSE obtained by consid-
ering a diverse set of values for the respective parameters (see
Section 6.3 and Appendix C.2 for details). It is evident from
Figures 25 and 26 that both MO+FR and MO+PB achieved
lower O-RMSE values in all cases when compared with respect
to RJ and PF. The MO+PB strategy tends to perform better than
MO+FR for most GA settings, particularly when focusing on
the two-dimensional instances. Finally, the plots indicate that
the use of PF yields better results in comparison to the use of RJ
in most cases. In general, no clear tendency in the GA’s perfor-
mance can be distinguished with respect to the variation in the
recombination probability. It is possible to observe, however,
that regardless of the constraint-handling strategy used the GA
responded positively to the increased mutation rate.

For further analyses presented in Section 7.2.2, the settings
for the GA which allowed each of the compared approaches
to reach the lowest O-RMSE value have been selected. The
selected recombination probabilities are as follows: (i) two-
dimensional instances, pc = 0.8 for RJ, MO+FR and MO+PB,
and pc = 1.0 for PF; (ii) three-dimensional instances, pc = 0.8
for RJ and PF, and pc = 1.0 for MO+FR and MO+PB. The
mutation probability was set to pm = 3

`−2 in all the cases.

7.2.2. Comparative analysis
A detailed comparative analysis among the RJ, PF, MO+FR

and MO+PB strategies is presented in this section. In the re-

19



10

12

14

16

18

solution evaluations (x10
3
)

O
−

R
M

S
E

 (
%

)

 

 

5
0
 

1
0
0
 

1
5
0
 

2
0
0
 

2
5
0
 

3
0
0
 

3
5
0
 

4
0
0
 

4
5
0
 

5
0
0
 

5
5
0
 

6
0
0
 

6
5
0
 

7
0
0
 

7
5
0
 

8
0
0
 

8
5
0
 

9
0
0
 

9
5
0
 

1
0
0
0
 

 2D 

RJ

PF

MO+FR

MO+PB

Figure 27: O-RMSE scored by the GA as the search process progressed. Two-
dimensional test instances.
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Figure 28: O-RMSE scored by the GA as the search process progressed. Three-
dimensional test instances.

ported experiments, the best performing parameter settings for
PF and MO+PB are considered (refer to Section 6.3 and Ap-
pendix C.2 for details). Likewise, the best performing GA
conditions for each of the approaches are used (Section 7.2.1).

Figures 27 and 28 show the online convergence (measured
in terms of the O-RMSE) presented by the GA when using the
different constraint-handling approaches. The progress in the
search is reported in slots of 50, 000 solution evaluations un-
til reaching a maximum allowed number of 106 evaluations.
These figures are quite revealing in several respects. First, it
is possible to note from the plots that the best results at the
end of the search process were obtained by using the multi-
objective strategies (MO+FR and MO+PB), in both the two-
and the three-dimensional test cases. The RJ method, which
exhibited the worst performance at the end, scored the best O-
RMSE values at the beginning of the search. Thus, the use of
RJ enabled a faster convergence towards moderate-quality in-
dividuals. Given that PF, MO+FR and MO+PB invest an ad-
ditional amount of effort in evaluating infeasible protein con-
formations, these strategies require more time to locate promis-
ing regions of the solutions space. By allowing the algorithm
to move through infeasible states, however, these methods are
more likely to reach better results at the end of the optimiza-
tion process; as it can be perceived from the slope in the cor-
responding convergence curves. Finally, although MO+FR and
MO+PB competed with the best O-RMSE values at the end,
it is important to observe that MO+FR showed a significantly
inferior performance at the first stages of the search (indeed

the poorest performance among the four compared techniques).
This is because the bias introduced in MO+FR is not as restric-
tive as that involved in MO+PB and PF, so that MO+FR dedi-
cates more resources to the exploration of infeasible regions.

Tables 5 and 6 detail the above presented results of the GA
after 106 solution evaluations. The information in these tables
is organized in the same manner as in Tables 2 and 3 described
in Section 7.1. As shown in Tables 5 and 6, both the MO+FR
and MO+PB strategies reached a better average energy for most
of the instances, thereby lowering the O-RMSE, in comparison
to RJ and PF. While MO+PB scored the best O-RSME value
for the two-dimensional instances, MO+FR obtained the low-
est value for this measure in the three-dimensional case. Even
though no important conclusions can be drawn regarding the
superiority of the multi-objective methods with respect to each
other, it is possible to see from the tables that MO+FR achieved
a better Ē value in most cases. Finally, despite the poor overall
performance of RJ, this strategy outperformed the other three
approaches at solving one two-dimensional instance (2d12) and
a two of the three-dimensional test cases (3d2 and 3d7).

Table 7 outlines the results of the statistical significance anal-
ysis. The interpretation of this table is the same as for Table
4 described at the end of Section 7.1. As it can be observed
from Table 7, no significant performance differences between
the four compared approaches were found when dealing with
the smallest test instances; the four studied constraint-handling
methods scored similarly competitive results. PF was signifi-
cantly superior to RJ in 5 of the instances, but significantly in-
ferior at solving the 2d12 instance. Both MO+FR and MO+PB
significantly increased the performance of the GA in 15 of the
test cases with respect to RJ. In addition, these multi-objective
strategies statistically outperformed the PF approach in 13 and
10 instances. Nonetheless, MO+FR presented a significantly
lower performance in 3 and 2 of the test cases in comparison to
RJ and PF, respectively. Finally, there was a statistically signif-
icant difference between the multi-objective strategies for 8 of
the instances; in 3 of these cases such a significant difference fa-
vors MO+PB, while it favors MO+FR in the 5 remaining cases.

8. Conclusions

The multi-objective (MO) approach to constraint-handling
has been investigated in the context of the HP model for pro-
tein structure prediction (PSP). The HP model was reformu-
lated as an unconstrained multi-objective problem by treating
constraints as an additional objective function. Rather than dis-
criminating feasible from infeasible solutions, the MO strategy
defines trade-offs between quality (original objective) and fea-
sibility. This gives infeasible solutions the opportunity to be
considered and exploited during optimization.

In the first part of this study, a thorough fitness landscape
analysis was conducted in order to evaluate the effects that the
(single-objective to multi-objective) problem transformation in-
volves. As a result, it was found that a significant portion of the
infeasibility translates into landscape neutrality. Under the MO
problem formulation, it is possible for an infeasible solution to
become part of the neutral neighborhood of a feasible solution.
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Table 5: Results obtained by the GA when using the studied constraint-handling strategies. Two-dimensional test cases.

RJ PF MO+FR MO+PB

Seq. ` E∗ Eb (ν) Ē Eb (ν) Ē Eb (ν) Ē Eb (ν) Ē

2d1 18 -4 -4 (98) -3.98 -4 (100) -4.00 -4 (100) -4.00 -4 (100) -4.00
2d2 18 -8 -8 (100) -8.00 -8 (100) -8.00 -8 (100) -8.00 -8 (100) -8.00
2d3 18 -9 -9 (100) -9.00 -9 (100) -9.00 -9 (99) -8.99 -9 (100) -9.00
2d4 20 -9 -9 (99) -8.99 -9 (100) -9.00 -9 (100) -9.00 -9 (100) -9.00
2d5 20 -10 -10 (97) -9.94 -10 (100) -10.00 -10 (100) -10.00 -10 (100) -10.00
2d6 24 -9 -9 (93) -8.93 -9 (86) -8.86 -9 (94) -8.94 -9 (96) -8.96
2d7 25 -8 -8 (57) -7.57 -8 (82) -7.82 -8 (95) -7.95 -8 (90) -7.90
2d8 36 -14 -14 (2) -11.76 -14 (2) -12.11 -14 (4) -11.95 -14 (3) -12.27
2d9 48 -23 -22 (2) -18.90 -22 (2) -18.96 -22 (7) -19.67 -22 (6) -19.58
2d10 50 -21 -21 (15) -19.19 -21 (15) -19.17 -21 (33) -20.14 -21 (31) -19.77
2d11 60 -36 -33 (3) -30.10 -34 (2) -30.78 -35 (1) -31.37 -34 (2) -30.90
2d12 64 -42 -39 (1) -33.34 -38 (1) -32.47 -37 (1) -31.49 -38 (2) -32.82
2d13 85 -53 -48 (2) -42.96 -47 (3) -43.04 -49 (2) -43.20 -48 (1) -43.59
2d14 100 -48 -40 (2) -35.70 -41 (2) -36.46 -43 (1) -37.12 -43 (1) -37.02
2d15 100 -50 -43 (2) -37.61 -44 (1) -38.09 -44 (2) -39.47 -43 (1) -38.91

O-RMSE 11.61% 10.62% 9.75% 9.62%

Table 6: Results obtained by the GA when using the studied constraint-handling strategies. Three-dimensional test cases.

RJ PF MO+FR MO+PB

Seq. ` E∗ Eb (ν) Ē Eb (ν) Ē Eb (ν) Ē Eb (ν) Ē

3d1 20 -11 -11 (100) -11.00 -11 (100) -11.00 -11 (100) -11.00 -11 (100) -11.00
3d2 24 -13 -13 (100) -13.00 -13 (98) -12.98 -13 (98) -12.96 -13 (97) -12.96
3d3 25 -9 -9 (98) -8.98 -9 (99) -8.99 -9 (100) -9.00 -9 (100) -9.00
3d4 36 -18 -18 (32) -16.54 -18 (31) -16.57 -18 (35) -16.84 -18 (40) -16.79
3d5 46 -35 -32 (1) -27.78 -34 (1) -28.45 -32 (4) -28.92 -32 (1) -28.34
3d6 48 -31 -30 (1) -26.94 -31 (1) -27.18 -31 (1) -27.39 -30 (4) -27.45
3d7 50 -34 -31 (2) -27.91 -31 (1) -27.75 -32 (1) -27.40 -31 (1) -27.78
3d8 58 -44 -38 (2) -33.30 -38 (1) -33.07 -41 (1) -34.52 -38 (2) -33.72
3d9 60 -55 -49 (2) -43.61 -49 (1) -44.02 -50 (1) -44.45 -49 (1) -44.60
3d10 64 -59 -53 (1) -47.02 -53 (1) -47.15 -51 (2) -45.63 -52 (3) -47.54
3d11 67 -56 -42 (2) -37.71 -44 (1) -37.78 -44 (3) -38.68 -44 (1) -38.28
3d12 88 -72 -52 (4) -44.75 -50 (5) -44.97 -54 (1) -47.30 -53 (1) -46.36
3d13 103 -58 -40 (1) -34.36 -43 (1) -33.76 -40 (5) -35.35 -41 (1) -35.16
3d14 124 -75 -53 (1) -41.34 -50 (2) -41.38 -51 (1) -43.56 -53 (1) -43.08
3d15 136 -83 -53 (1) -44.44 -54 (2) -44.69 -55 (1) -46.94 -55 (2) -46.28

O-RMSE 22.42% 22.24% 21.08% 21.27%

Table 7: Statistical analysis for comparing the performance of the GA when using the different constraint-handling approaches analyzed.

Two-dimensional instances Three-dimensional instances
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Overall

PF / RJ + + + − + + 5+ 1−
MO+FR / RJ + + + + − + + + + − + + − + + + + + 15+ 3−
MO+PB / RJ + + + + + + + + + + + + + + + 15+ 0−
MO+FR / PF + + + + − + + + + − + + + + + 13+ 2−
MO+PB / PF + + + + + + + + + + 10+ 0−
MO+PB /MO+FR + − − + − − + − 3+ 5−
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This has prompted an important increase in the neutrality de-
gree of solutions and, consequently, in the size of the neutral
networks (NNs). Such a landscape transformation has led to
the establishment of neutral connections between feasible and
infeasible NNs. Through a series of neutral connections, how-
ever, it is possible to bridge different regions of the feasible
space, potentially belonging to diverse fitness classes (this can
be especially useful when dealing with disjoint feasible spaces).
By being allowed to traverse (originally inaccessible) infeasible
areas, a search algorithm can thus exploit these neutral connec-
tions in the form of new neutral paths to navigate the landscape.
The new defined neutral paths can not only be shorter than the
existing feasible paths, but can also play a central role in help-
ing the algorithm to escape from local optima.

Despite the aforementioned advantages that the alternative
multi-objective landscape entails, an excessive increase in the
neutrality may also prevent a search algorithm from moving
in the correct direction. The conducted landscape analysis not
only reported a considerable growth in the size of the NNs due
to the use of the MO problem formulation. It was also found
that these NNs are mainly composed of infeasible solutions.
Without a proper search bias, therefore, the computational re-
sources can be exhausted by exploring uninteresting areas of
the solution space (as it was also pointed out by Runarsson and
Yao [14]). From the fitness landscape perspective, providing
the MO strategy with a search bias can be understood as the re-
moval of part of the neutrality that this strategy originally intro-
duces. The goal becomes, thus, to benefit from having access to
the infeasible areas of the landscape, at the same time that most
of the effort is invested in exploiting promising search direc-
tions. The second part of this work studied the effectiveness of
different mechanisms for biasing the search towards the feasi-
ble region, which can be coupled to the MO constraint-handling
strategy. Three different biasing mechanisms were evaluated;
namely, the use of an archiving strategy, the incorporation of a
secondary discrimination criterion (use of feasibility rules), and
the application of a proportional bias dependent on the degree
of constraint violation. On the one hand, the results of such
an evaluation confirmed the need for performing a well-biased
search when using the MO strategy. The behavior of the con-
sidered search algorithms was significantly improved with the
implementation of all the three studied biasing approaches. On
the other hand, it was also possible to observe that a very strong
bias could lead to override the positive effects of the landscape
transformation. Thus, the task of identifying the most appro-
priate amount of bias for a particular problem and search algo-
rithm, could be not as straightforward as might be thought.

In the last part of this study, the MO constraint-handling
strategy was further explored by carrying out a comparative
analysis where two different approaches from the literature
were considered: namely, a rejecting strategy (RJ) where the
search is confined to the space of only feasible conformations,
and a penalty function (PF) where infeasible solutions are pe-
nalized according to the number of conflicts they present. The
different strategies were evaluated in terms of the performance
of basic evolutionary algorithms. As a result, the use of the MO
strategy significantly improved the performance of the imple-

mented algorithms when compared with respect to both the RJ
and PF methods. This highlights the suitability of the studied
MO approach. It was also found that PF scored better results in
most cases with regard to the RJ strategy. The fact that both MO
and PF performed better than RJ, and that RJ requires a con-
siderable amount of additional computational resources, gives
further support to the belief that considering infeasible protein
conformations may contribute to the design of more competi-
tive algorithms for solving the HP model of the PSP problem;
this has been a subject of concern in the specialized literature.

To the best of the authors’ knowledge, the preliminary re-
sults of this research, as reported in [13], represent the first ef-
forts on the use of multi-objective optimization methods to face
the constraint-handling requirement which arises when dealing
with the HP model of the PSP problem. Basic evolutionary
algorithms have been used in this study for evaluating the suit-
ability of this approach. From the obtained results, it is ex-
pected that the MO strategy can be incorporated as a means of
improving the performance of established state-of-the-art algo-
rithms for solving this problem. This issue needs to be investi-
gated in order to derive more general conclusions. Furthermore,
the present study explored for the first time, as far as the authors
are aware, the potential effects of the MO constraint-handling
strategy through a fitness landscape analysis. Although such an
analysis focused on a particular case of study, the HP model of
the PSP problem, similar effects to those observed with regard
to the landscape transformation can be expected from the use
of the MO strategy in other problem domains. Therefore, the
performed analysis contributes to the general understanding of
the MO approach for handling constraints. It seems important,
however, to replicate this analysis to different problems in order
to further support the acquired understanding.

Appendix A. Test cases, performance assessment and ex-
perimental conditions

Appendix A.1. Performance measures

The experimental results reported in this paper are evaluated
in terms of the conventional energy function of the HP model,
as it was introduced in Section 2.3. This is the objective func-
tion of the studied problem. As such, the energy value of the
candidate protein conformations has been the primary quality
indicator adopted in the specialized literature.

Two additional performance measures were considered, both
computed over multiple independent executions of the imple-
mented search algorithms. First, the relative root mean square
error (RMSE) for a given test instance t is defined as follows:

RMSE(t) = 100%

√√√
1
R

R∑
r=1

(
Er(t) − E∗(t)

E∗(t)

)2

, (A.1)

where Er(t) denotes the energy of the best solution found dur-
ing a single execution r, R is the total number of executions car-
ried out, and E∗(t) is the optimal (or best known) energy value
for instance t. Thus, RMSE indicates the performance scored
for a particular instance t as the average deviation between the
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quality of the achieved solutions and the quality of the target
solution.24 While the range of possible energy values varies
from instance to instance, RMSE is defined in a common 0% to
100% scale. This makes possible to evaluate (and plot) together
the results obtained for the different considered test instances.
RMSE(t) = 0% is the preferred value for this measure.

Finally, the overall relative root mean square error (O-
RMSE) measure extends RMSE in order to assess the overall
performance of the studied approaches, considering all the test
instances. Having defined RMSE, O-RMSE can be formally
stated as follows:

O-RMSE =
1
|T |

∑
t∈T

RMSE(t), (A.2)

where T is the set of all instances. In this way, O-RMSE = 0%
suggests the ideal situation where the optimal solution for each
instance was reached during all the performed executions. By
sacrificing details about the scored performance on each partic-
ular test instance, this global measure makes possible to inves-
tigate thoroughly the influence of varying important parameters
of the studied techniques and search algorithms, as well as to
analyze the search dynamics during optimization.

Appendix A.2. Test instances
A total of 30 well-known benchmark sequences for the HP

model have been considered for the experimentation of this re-
search project. Out of them, 15 are for the two-dimensional
square lattice and the other 15 are for three-dimensional cubic
lattice. Tables A.8 and A.9 present the full HP sequences, their
length (`) and the optimal or best known energy value (E∗) re-
ported in the literature [25, 26, 31, 45, 94, 95].

Appendix A.3. Statistical significance analysis
The statistical significance analysis was conducted as fol-

lows. First, D’Agostino-Pearson’s omnibus K2 test was used
to evaluate the normality of data distributions. For normally
distributed data, either ANOVA or the Welch’s t parametric tests
were used depending on whether the variances across the sam-
ples were homogeneous (homoskedasticity) or not. This was
investigated using the Bartlett’s test. For non-normal data, the
nonparametric Kruskal-Wallis test was adopted. Finally, a sig-
nificance level of α = 0.05 has been considered.

Appendix A.4. Experimental platform
The algorithms implemented in this study were coded in

ANSI C and compiled with gcc using the optimization flag
-O3. All experiments performed were run sequentially on
the Neptuno cluster at the Information Technology Laboratory,
CINVESTAV-Tamaulipas. This cluster is equipped with 10 In-
finiBand interconnected nodes, each of which features 8 cores
running at 2.66 GHz, has a total of 16 GB of RAM, and uses
the CentOS distribution of the Linux operating system.

24It is worth noting that, as a measure of central tendency, RMSE conceals
the performance exhibited on each individual execution. This implies a pos-
sible conflicting behavior between some individual execution results and the
concerned measure which is computed over the entire sample of executions.
Nevertheless, the use of this measure can lead to draw more general conclu-
sions with respect to the behavior of the studied techniques.

Table A.8: Test instances for the two-dimensional square lattice.

Sequence ` E∗

2d1 H2P5H2P3HP3HP 18 -4
2d2 HPHPH3P3H4P2H2 18 -8
2d3 PHP2HPH3PH2PH5 18 -9
2d4 HPHP2H2PHP2HPH2P2HPH 20 -9
2d5 H3P2HPHPHP2HPHPHP2H 20 -10
2d6 H2P2HP2HP2HP2HP2HP2HP2H2 24 -9
2d7 P2HP2H2P4H2P4H2P4H2 25 -8
2d8 P3H2P2H2P5H7P2H2P4H2P2HP2 36 -14
2d9 P2HP2H2P2H2P5H10P6H2P2H2P2HP2H5 48 -23
2d10 H2(PH)4H3P(HP3)3(P3H)3PH4(PH)4H 50 -21
2d11 P2H3PH8P3H10PHP3H12P4H6PH2PHP 60 -36
2d12 H12PHPH(P2H2P2H2P2H)3PHPH12 64 -42
2d13 H4P4H12P6(H12P3)3HP2H2P2H2P2HPH 85 -53
2d14 P6HPH2P5H3PH5PH2P4H2P2H2PH5PH10

PH2PH7P11H7P2HPH3P6HPH2

100 -48

2d15 P3H2P2H4P2H3PH2PH2PH4P8H6P2H6P9
HPH2PH11P2H3PH2PHP2HPH3P6H3

100 -50

Table A.9: Test instances for the three-dimensional cubic lattice.

Sequence ` E∗

3d1 HPHP2H2PHP2HPH2P2HPH 20 -11
3d2 H2P2HP2HP2HP2HP2HP2HP2H2 24 -13
3d3 P2HP2H2P4H2P4H2P4H2 25 -9
3d4 P3H2P2H2P5H7P2H2P4H2P2HP2 36 -18
3d5 P2H3PH3P3HPH2PH2P2HPH4PHP2H5PHPH2P2H2P 46 -35
3d6 P2HP2H2P2H2P5H10P6H2P2H2P2HP2H5 48 -31
3d7 H2(PH)4H3P(HP3)3(P3H)3PH4(PH)4H 50 -34
3d8 PH(PH3)2P(PH2PH)2H(HP)3(H2P2H)2

PHP4(H(P2H)2)2

58 -44

3d9 P2H3PH8P3H10PHP3H12P4H6PH2PHP 60 -55
3d10 H12PHPH(P2H2P2H2P2H)3PHPH12 64 -59
3d11 P(HPH2PH2PHP2H3P3)3(HPH)3P2H3P 67 -56
3d12 P(HPH)3P2H2(P2H)6H(P2H3)4P2(HPH)3

P2HP(PHP2H2P2HP)2

88 -72

3d13 P2H2P5H2P2H2PHP2HP7HP3H2PH2P6HP2HP
HP2HP5H3P4H2PH2P5H2P4H4PHP8H5P2HP2

103 -58

3d14 P3H3PHP4HP5H2P4H2P2H2(P4H)2
P2HP2H2P3H2PHPH3P4H3P6H2P2
HP2HPHP2HP7HP2H3P4HP3H5P4H2(PH)4

124 -75

3d15 HP5HP4HPH2PH2P4HPH3P4HPHPH4P11
HP2HP3HPH2P3H2P2HP2HPHPHP8HP3
H6P3H2P2H3P3H2PH5P9HP4HPHP4

136 -83

Appendix B. Algorithms

Appendix B.1. Basic (1+1) evolutionary algorithm

The so-called (1+1) evolutionary algorithm (EA) is described
in Algorithm 3. First, an initial parent individual x is generated
at random. At each generation, an offspring x′ is created by ran-
domly and independently mutating x at each encoding position
with a given probability pm. The new individual x′ is rejected
only if it is strictly worse than the parent individual x, otherwise
x′ is accepted as the starting point for the next generation.

The acceptance criterion in the above described (1+1) EA,
line 4 in Algorithm 3, depends upon the constrain-handling
strategy to be applied. On the one hand, it can be based
on the one-dimensional objective (energy) value of the candi-
date conformations, either including penalties or not (penalty
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Algorithm 3 Basic (1+1) evolutionary algorithm.
1: choose x ∈ X uni f ormly at random
2: repeat
3: x′ ← mutate(x)
4: if x′ is not worse than x then
5: x← x′
6: end if
7: until < stop condition >

function, PF and reject, RJ strategies, respectively). On the
other hand, acceptance will be based on the Pareto-dominance
relation when applying the multi-objective, MO constraint-
handling strategy, which is the focus of this research.

In the implemented (1+1) EA, individuals encode pro-
tein conformations using an internal coordinates representation
based on relative moves, as detailed in Section 2.3.1. In all the
cases, the mutation probability was fixed to pm = 1

`−2 , where
` − 2 denotes the length of the encoding. Finally, a number of
106 evaluations was adopted as the stopping condition.

Appendix B.2. Archiving (1+1) evolutionary algorithm

An archiving variant of the (1+1) evolutionary algorithm
(EA) described in Appendix B.1 is sketched in Algorithm 4. In
the archiving (1+1) EA, an external archive stores the nondom-
inated solutions (in the Pareto sense) found along the evolution-
ary process. The implemented archiving strategy influences the
search behavior of the algorithm in such a way that the offspring
x′ is only accepted if it is not dominated by any individual in
the archive. If accepted, x′ is included in the archive and all
individuals dominated by x′, and those mapping to the same
objective vector f(x′), are removed. In the context of this study,
the use of this archiving variant of the (1+1) EA makes only
sense when implementing the multi-objective, MO strategy for
constraint-handling.

Algorithm 4 Archiving (1+1) evolutionary algorithm.
1: choose x ∈ X uni f ormly at random
2: A ← {x}
3: repeat
4: x′ ← mutate(x)
5: if @x̂ ∈ A : x̂ ≺ x′ then
6: A ← {x̂ ∈ A : x′ ⊀ x̂ ∧ f(x̂) , f(x′)} ∪ {x′}
7: x← x′
8: end if
9: until < stop condition >

Appendix B.3. Genetic algorithm

The basic structure of the implemented genetic algorithm is
presented in Algorithm 5. First, an initial parent population
P of size N is randomly generated. At each generation, the
fittest individuals in P are selected for mating (selection- f or-
variation). Then, a children population P′ is created by apply-
ing the genetic operators to the selected parents P̂. Finally, the

parent and children populations are combined and the best in-
dividuals are selected to survive in order to form the new parent
population (selection- f or-survival).

Algorithm 5 Genetic algorithm.
1: choose P ⊂ X : |P| = N uni f ormly at random
2: while < stop condition > do
3: P̂ ← selection- f or-variation(P)
4: P′ ← variation(P̂)
5: P ← selection- f or-survival(P ∪ P′)
6: end while

A crucial issue in GAs is selection; that is, how the dis-
crimination among the individuals is carried out (at both the
selection- f or-variation and the selection- f or-survival steps).
In the implemented GA, this depends on the constraint-
handling technique to be used. When using the reject (RJ) and
penalty function (PF) approaches, a single-objective compar-
ison among the individuals is performed. In contrast, when
applying the multi-objective (MO) strategy for handling con-
straints the Pareto-dominance relation imposes a partial order
among candidate individuals. The nondominated sorting proce-
dure is used at the selection- f or-survival stage, as it is imple-
mented within the nondominated sorting genetic algorithm II,
NSGA-II [93]. Roughly, the functioning of the nondominated
sorting procedure is as follows. The nondominated individuals
are initially identified and isolated into the first nondominated
layer, L1. From the remainder of the population, the new non-
dominated solutions are identified and assigned to the second
nondominated layer,L2. The process repeats until each individ-
ual in the population is classified. At the selection- f or-survival
stage, individuals are selected layer by layer, starting from L1,
until completing the required number of individuals. Whenever
the number of individuals in the current layer exceeds the avail-
able capacity of the population, the conventional NSGA-II uses
the so-called crowding distance as a secondary discrimination
criterion. This allows to promote population diversity. In this
study, however, crowding distance has not been incorporated to
avoid attributing the performance that the GA achieves through
the use of the MO strategy to such a diversification mechanism.

An internal coordinates representation based on relative
moves has been adopted, see Section 2.3 for details. Bi-
nary tournament selection was employed as mating strategy.
The implemented genetic operators are as follows. One-point
crossover is applied according to a given probability pc. In mu-
tation, each encoding position is randomly and independently
perturbed with probability pm. It is worthy to mention that pre-
liminary testing has been conducted in order to explore the ef-
fects of preventing duplicate individuals (clones) from the pop-
ulation. As a result, the performance of the different analyzed
constraint-handling methods was significantly improved in all
the cases when duplicate individuals were removed from the
population; this mechanism was enabled for all the reported
experiments. Finally, a maximum number of 106 solution eval-
uations was used as the termination criterion.
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Appendix B.4. Iterated local search algorithm
Algorithm 6 outlines the general structure of a basic iterated

local search (ILS) algorithm. The algorithm starts with a ran-
domly generated conformation, denoted as x. Then, a local
search strategy is applied to x until a local optimum x∗ is found.
At each iteration, a perturbation x′ of the current local optimum
x∗ is obtained and used as the starting point of another round
of local search. After each local search, the new local optimum
solution found x′∗ may be accepted as the new incumbent so-
lution x∗, based on a given acceptance criterion. This iterative
procedure is repeated until a given stop condition is met.

Algorithm 6 Iterated local search (ILS).
1: choose x ∈ X uni f ormly at random
2: x∗ ← LocalS earch(x)
3: repeat
4: x′ ← Perturbation(x∗)
5: x′∗ ← LocalS earch(x′)
6: x∗ ← AcceptanceCriterion(x∗, x′∗)
7: until < stop condition >

Three main components, which determine the behavior of
an ILS algorithm, have to be defined: (i) the embedded local
search heuristic; (ii) the perturbation strength; and (iii) the ac-
ceptance criterion. A best improvement local search algorithm
was used as the embedded heuristic, and basic settings for the
perturbation strength and acceptance criterion were adopted ac-
cording to the results reported in [96].

Appendix C. Baseline constraint-handling methods

Appendix C.1. Reject strategy
A basic reject strategy (RJ) was considered where only fea-

sible protein conformations are accepted during the search pro-
cess. A basic single-solution-based evolutionary algorithm
(EA), the (1+1) EA, and a genetic algorithm (GA) are used in
this study (refer to Appendix B for details). In order to imple-
ment the RJ strategy, the variation operators were adapted as
follows. In the (1+1) EA, once mutation is to be applied to a
particular encoding position (determined based on a given prob-
ability), all possible perturbations to this position are evaluated
in random order until a feasible conformation is obtained. If
no change in this position leads to a feasible conformation, the
original value is restored. The GA uses a one-point crossover
operator; in this operator all possible crossover points are ex-
plored in random order until feasible children are produced;
otherwise, either one or both of the parents are copied un-
changed. The mutation operator of the GA was adapted in the
same manner as described above for the (1+1) EA. Note that
such a persistent application of the variation operators involves
an additional computational effort. Furthermore, the RJ strat-
egy requires the algorithms to be provided with initial feasible
individuals. The backtracking procedure proposed in [7] was
used for generating such initial feasible individuals.

The above described RJ strategy is equivalent to the one an-
alyzed by Duarte-Flores and Smith within a GA [6]. Similar

strategies have also been adopted in the context of different
search metaheuristics. For example, the hypermutation and hy-
permacromutation mechanisms, implemented in some immune
system-based algorithms for the HP model reported in the liter-
ature, operate in a similar feasibility-preserving fashion. These
operators iteratively apply a series of mutations to the input so-
lution and infeasible solutions encountered during this process
are always discarded [8, 31, 43].

Appendix C.2. Penalty function
A constraint-handling strategy based on the use of a penalty

function (PF) has been considered in this study. In the PF strat-
egy, the energy (objective) value of a candidate solution is pe-
nalized according to the number of collisions that the encoded
protein conformation presents. More formally, PSP under the
HP model is restated as the problem of minimizing an alterna-
tive objective function f (x) defined as follows (x ∈ X):

f (x) = E(x) + ρ × ζ ×Collisions(x), (C.1)

where E(x) denotes the conventional energy function of the HP
model introduced in Section 2.3. Collisions(x) refers to the to-
tal number of amino acid pairs (ai, a j) in x such that ai and a j

collide at the same lattice position. Finally, the value of ζ is
to be large enough that, assuming a penalty weight of ρ = 1, it
holds that f (xi) ≤ 0,∀xi ∈ XF while f (x j) > 0,∀x j ∈ X \ XF .
By defining the penalty weight ρ within the range [0, 1], it will
then be possible to move from an underpenalization scenario
(ρ = 0), where comparisons are only based on the original ob-
jective function of the problem, to an overpenalization scenario
(ρ = 1), where the penalty term dominates discrimination [97].
In this study, ζ was set to ζ = 2`H + 2 for the two-dimensional
square lattice and ζ = 4`H + 2 for the three-dimensional cubic
lattice. These values represent upper bounds on the number of
H-H topological contacts that can be formed in the correspond-
ing lattices and have also been considered in [5]. It should be
noted that the value of ζ depends on the total number of hy-
drophobic amino acids in the protein sequence, `H .

With the aim of investigating the importance of the penalty
weight ρ, and also to enable a more reliable comparative analy-
sis in Section 7, different settings for this parameter have been
explored in this study. Figures C.29 and C.30 show the per-
formance scored by the (1+1) evolutionary algorithm (EA) and
the genetic algorithm (GA) when using the PF method with a
series of different ρ values in the range [0, 1]. Performance is
expressed in terms of the O-RMSE (see Appendix A.1), com-
puted over a total of 31 independent repetitions for each exper-
iment. In general, the worst behavior of both the (1+1) EA and
the GA was exhibited when no penalties were applied (ρ = 0).25

Figure C.29 indicates that ρ = 0.15 allowed the (1+1) EA to
achieve its best performance at solving the two-dimensional in-
stances, and all considered ρ values in the range [0.15, 1] pro-
duced the best results for the three-dimensional case. Regard-
ing the GA, it is possible to observe from Figure C.30 that the

25In Figures C.29 and C.30, the results obtained when using the lowest con-
sidered ρ values (leftmost data) have not been displayed in order to highlight
details in the most relevant part of the plots.
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Figure C.29: Impact of varying the penalty weight (ρ) of the PF method on the
(1+1) EA’s performance. Two- (left) and three-dimensional (right) instances.
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Figure C.30: Impact of varying the penalty weight (ρ) of the PF method on the
performance of the GA. Two- (left) and three-dimensional (right) instances.

lowest O-RMSE values were reached by using ρ = 0.15 and
ρ = 0.05 for the two-dimensional and three-dimensional test in-
stances, respectively. The best performing settings for the PF
method, as described above, have been considered during the
comparative analysis conducted in Section 7.
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[24] F. Custódio, H. Barbosa, L. Dardenne, A Multiple Minima Genetic Algo-
rithm for Protein Structure Prediction, Applied Soft Computing 15 (Feb.)
(2014) 88–99.

[25] N. Krasnogor, B. Blackburne, E. Burke, J. Hirst, Multimeme algorithms
for protein structure prediction, in: Parallel Problem Solving from Na-
ture, Vol. 2439 of Lecture Notes in Computer Science, Springer Berlin /

Heidelberg, Granada, Spain, 2002, pp. 769–778.
[26] M. Islam, M. Chetty, Clustered Memetic Algorithm With Local Heuristics

for Ab Initio Protein Structure Prediction, IEEE Transactions on Evolu-
tionary Computation 17 (4) (2013) 558–576.

[27] M. Rashid, M. Newton, M. Hoque, S. Shatabda, D. Pham, A. Sattar, Spi-
ral Search: A Hydrophobic-Core Directed Local Search for Simplified
PSP on 3D FCC Lattice, BMC Bioinformatics 14 (Suppl 2) (2013) S16.

[28] P. Pardalos, X. Liu, G. Xue, Protein Conformation of a Lattice Model

26



Using Tabu Search, Journal of Global Optimization 11 (1) (1997) 55–68.
[29] A. Shmygelska, H. Hoos, An Ant Colony Optimization Algorithm for the

2D and 3D Hydrophobic Polar Protein Folding Problem, BMC Bioinfor-
matics 6 (1) (2005) 30.

[30] M. Nardelli, L. Tedesco, A. Bechini, Cross-lattice Behavior of General
ACO Folding for Proteins in the HP Model, in: ACM Symposium on
Applied Computing, SAC ’13, ACM, Coimbra, Portugal, 2013, pp. 1320–
1327.

[31] V. Cutello, G. Nicosia, M. Pavone, J. Timmis, An Immune Algorithm
for Protein Structure Prediction on Lattice Models, IEEE Transactions on
Evolutionary Computation 11 (1) (2007) 101–117.

[32] N. Mansour, F. Kanj, H. Khachfe, Particle Swarm Optimization Approach
for Protein Structure Prediction in the 3D HP Model, Interdisciplinary
Sciences: Computational Life Sciences 4 (3) (2012) 190–200.

[33] C. Zhou, C. Hou, Q. Zhang, X. Wei, Enhanced Hybrid Search Algorithm
for Protein Structure Prediction Using the 3D-HP Lattice Model, Journal
of Molecular Modeling 19 (9) (2013) 3883–3891.

[34] H. Lopes, R. Bitello, A Differential Evolution Approach for Protein Fold-
ing Using a Lattice Model, Journal of Computer Science and Technology
22 (6) (2007) 904–908.

[35] R. Santana, P. Larranaga, J. Lozano, Protein Folding in Simplified Mod-
els With Estimation of Distribution Algorithms, IEEE Transactions on
Evolutionary Computation 12 (4) (2008) 418–438.

[36] B. Chen, L. Li, J. Hu, A Novel EDAs Based Method for HP Model Protein
Folding, in: IEEE Congress on Evolutionary Computation, Trondheim,
Norway, 2009, pp. 309–315.

[37] X. Cai, X. Wu, L. Wang, Q. Kang, Q. Wu, Hydrophobic-Polar Model
Structure Prediction with Binary-Coded Artificial Plant Optimization Al-
gorithm, Journal of Computational and Theoretical Nanoscience 10 (6)
(2013) 1550–1554.

[38] B. Maher, A. Albrecht, M. Loomes, X. Yang, K. Steinhöfel, A Firefly-
Inspired Method for Protein Structure Prediction in Lattice Models,
Biomolecules 4 (1) (2014) 56–75.

[39] A. Patton, W. Punch III, E. Goodman, A Standard GA Approach to Native
Protein Conformation Prediction, in: International Conference on Genetic
Algorithms, Morgan Kaufmann Publishers Inc., San Francisco, CA, USA,
1995, pp. 574–581.

[40] R. Unger, J. Moult, Genetic algorithm for 3d protein folding simulations,
in: International Conference on Genetic Algorithms, Morgan Kaufmann
Publishers Inc., San Francisco, CA, USA, 1993, pp. 581–588.

[41] C. Chira, D. Horvath, D. Dumitrescu, An Evolutionary Model Based on
Hill-Climbing Search Operators for Protein Structure Prediction, in: Evo-
lutionary Computation, Machine Learning and Data Mining in Bioinfor-
matics, Vol. 6023 of Lecture Notes in Computer Science, Springer Berlin
Heidelberg, 2010, pp. 38–49.

[42] C. Chira, A Hybrid Evolutionary Approach to Protein Structure Predic-
tion with Lattice Models, in: IEEE Congress on Evolutionary Computa-
tion, New Orleans, LA, USA, 2011, pp. 2300–2306.

[43] V. Cutello, G. Morelli, G. Nicosia, M. Pavone, G. Scollo, On Discrete
Models and Immunological Algorithms for Protein Structure Prediction,
Natural Computing 10 (1) (2011) 91–102.

[44] N. Lesh, M. Mitzenmacher, S. Whitesides, A Complete and Effective
Move Set for Simplified Protein Folding, in: International Conference on
Research in Computational Molecular Biology, ACM, Berlin, Germany,
2003, pp. 188–195.

[45] C. Thachuk, A. Shmygelska, H. Hoos, A Replica Exchange Monte Carlo
Algorithm for Protein Folding in the HP Model, BMC Bioinformatics
8 (1) (2007) 342.

[46] C. M. Johnson, A. Katikireddy, A Genetic Algorithm with Backtracking
for Protein Structure Prediction, in: Genetic and Evolutionary Computa-
tion Conference, ACM, Seattle, WA, USA, 2006, pp. 299–300.

[47] E. Talbi, Metaheuristics: From Design to Implementation, Wiley Publish-
ing, 2009.

[48] M. Khimasia, P. Coveney, Protein Structure Prediction as a Hard Opti-
mization Problem: The Genetic Algorithm Approach, Molecular Simula-
tion 19 (4) (1997) 205–226.

[49] H. Lopes, M. Scapin, An Enhanced Genetic Algorithm for Protein Struc-
ture Prediction Using the 2D Hydrophobic-Polar Model, in: Artificial
Evolution, Vol. 3871 of Lecture Notes in Computer Science, Springer
Berlin / Heidelberg, Lille, France, 2006, pp. 238–246.

[50] J. Knowles, R. Watson, D. Corne, Reducing Local Optima in Single-

Objective Problems by Multi-objectivization, in: Evolutionary Multi-
Criterion Optimization, Springer-Verlag, Zurich, Switzerland, 2001, pp.
269–283.

[51] J. Handl, S. Lovell, J. Knowles, Multiobjectivization by Decomposition
of Scalar Cost Functions, in: Parallel Problem Solving from Nature, Vol.
5199 of Lecture Notes in Computer Science, Springer Berlin / Heidelberg,
Dortmund, Germany, 2008, pp. 31–40.

[52] M. Jensen, Helper-Objectives: Using Multi-Objective Evolutionary Algo-
rithms for Single-Objective Optimisation, Journal of Mathematical Mod-
elling and Algorithms 3 (4) (2004) 323–347.

[53] D. Brockhoff, T. Friedrich, N. Hebbinghaus, C. Klein, F. Neumann,
E. Zitzler, Do Additional Objectives Make a Problem Harder?, in: Ge-
netic and Evolutionary Computation Conference, ACM, London, Eng-
land, 2007, pp. 765–772.

[54] I. Vite-Silva, N. Cruz-Cortés, G. Toscano-Pulido, L. de la Fraga, Optimal
Triangulation in 3D Computer Vision Using a Multi-objective Evolution-
ary Algorithm, in: Applications of Evolutionary Computing, Vol. 4448 of
Lecture Notes in Computer Science, Springer Berlin / Heidelberg, Valen-
cia, Spain, 2007, pp. 330–339.

[55] R. Day, J. Zydallis, G. Lamont, Solving the Protein Structure Pre-
diction Problem Through a Multi-Objective Genetic Algorithm, in:
IEEE/DARPA International Conference on Computational Nanoscience,
San Juan, PR, USA, 2002, pp. 32–35.

[56] V. Cutello, G. Narzisi, G. Nicosia, A Class of Pareto Archived Evolu-
tion Strategy Algorithms Using Immune Inspired Operators for Ab-Initio
Protein Structure Prediction, in: Applications of Evolutionary Comput-
ing, Vol. 3449 of Lecture Notes in Computer Science, Springer Berlin
Heidelberg, Lausanne, Switzerland, 2005, pp. 54–63.

[57] V. Cutello, G. Narzisi, G. Nicosia, A Multi-Objective Evolutionary Ap-
proach to the Protein Structure Prediction Problem, Journal of The Royal
Society Interface 3 (6) (2006) 139–151.

[58] V. Cutello, G. Narzisi, G. Nicosia, Computational Studies of Peptide and
Protein Structure Prediction Problems via Multiobjective Evolutionary
Algorithms, in: Multiobjective Problem Solving from Nature, Natural
Computing Series, Springer Berlin Heidelberg, 2008, pp. 93–114.

[59] J. Handl, S. Lovell, J. Knowles, Investigations into the Effect of Multiob-
jectivization in Protein Structure Prediction, in: Parallel Problem Solving
from Nature, Vol. 5199 of Lecture Notes in Computer Science, Springer
Berlin / Heidelberg, Dortmund, Germany, 2008, pp. 702–711.

[60] D. Becerra, A. Sandoval, D. Restrepo-Montoya, L. Nino, A Parallel
Multi-Objective Ab Initio Approach for Protein Structure Prediction,
in: IEEE International Conference on Bioinformatics and Biomedicine,
Hong Kong, China, 2010, pp. 137–141.

[61] C. Soares Brasil, A. Botazzo Delbem, D. Ferraz Bonetti, Investigating
Relevant Aspects of MOEAs for Protein Structures Prediction, in: Ge-
netic and Evolutionary Computation Conference, ACM, Dublin, Ireland,
2011, pp. 705–712.

[62] B. Olson, A. Shehu, Multi-Objective Stochastic Search for Sampling Lo-
cal Minima in the Protein Energy Surface, in: International Conference
on Bioinformatics, Computational Biology and Biomedical Informatics,
ACM, Washington DC, USA, 2013, pp. 430–439.

[63] M. Garza-Fabre, E. Rodriguez-Tello, G. Toscano-Pulido, Multiobjectiviz-
ing the HP Model for Protein Structure Prediction, in: Evolutionary Com-
putation in Combinatorial Optimization, Vol. 7245 of Lecture Notes in
Computer Science, Springer Berlin / Heidelberg, Málaga, Spain, 2012,
pp. 182–193.

[64] M. Garza-Fabre, G. Toscano-Pulido, E. Rodriguez-Tello, Locality-based
Multiobjectivization for the HP Model of Protein Structure Prediction, in:
Genetic and Evolutionary Computation Conference, ACM, Philadelphia,
PA, USA, 2012, pp. 473–480.

[65] M. Garza-Fabre, E. Rodriguez-Tello, G. Toscano-Pulido, An Improved
Multiobjectivization Strategy for HP Model-Based Protein Structure Pre-
diction, in: Parallel Problem Solving from Nature, Vol. 7492 of Lecture
Notes in Computer Science, Springer Berlin / Heidelberg, Taormina, Italy,
2012, pp. 82–92.

[66] D. Greiner, J. Emperador, G. Winter, B. Galván, Improving Computa-
tional Mechanics Optimum Design Using Helper Objectives: An Ap-
plication in Frame Bar Structures, in: Evolutionary Multi-Criterion Op-
timization, Vol. 4403 of Lecture Notes in Computer Science, Springer
Berlin / Heidelberg, Matshushima, Japan, 2007, pp. 575–589.

[67] M. Jähne, X. Li, J. Branke, Evolutionary Algorithms and Multi-

27



Objectivization for the Travelling Salesman Problem, in: Genetic and
Evolutionary Computation Conference, ACM, Montreal, Canada, 2009,
pp. 595–602.

[68] D. Lochtefeld, F. Ciarallo, Helper-Objective Optimization Strategies for
the Job-Shop Scheduling Problem, Applied Soft Computing 11 (6) (2011)
4161–4174.

[69] D. Lochtefeld, F. Ciarallo, Multiobjectivization via Helper-Objectives
With the Tunable Objectives Problem, IEEE Transactions on Evolution-
ary Computation 16 (3) (2012) 373–390.

[70] L. Bui, M. Nguyen, J. Branke, H. Abbass, Tackling Dynamic Problems
with Multiobjective Evolutionary Algorithms, in: Multiobjective Problem
Solving from Nature, Natural Computing Series, Springer Berlin Heidel-
berg, 2008, pp. 77–91.

[71] E. Segredo, C. Segura, C. Leon, A Multiobjectivised Memetic Algorithm
for the Frequency Assignment Problem, in: IEEE Congress on Evolution-
ary Computation, New Orleans, LA, USA, 2011, pp. 1132–1139.

[72] J. Mouret, Novelty-Based Multiobjectivization, in: New Horizons in Evo-
lutionary Robotics, Vol. 341 of Studies in Computational Intelligence,
Springer Berlin / Heidelberg, 2011, pp. 139–154.

[73] S. Wessing, M. Preuss, G. Rudolph, Niching by Multiobjectivization with
Neighbor Information: Trade-offs and Benefits, in: IEEE Congress on
Evolutionary Computation, Cancún, México, 2013, pp. 103–110.
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